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P R E F A C E  
The Sixteenth Soi l  Mechanics  Conference held in  
Sep tember  1962 a t  the Universi ty of Alber ta ,  under the cha i rmansh ip  
of Dr .  R. M. Ha rdy ,  was  sponsored jointly by the EIC and the Assoc ia te  
Commit tee  on Soil  and Snow Mechanics  of the National R e s e a r c h  Council.  
Although the conference sha r ed  s o m e  of the s e s s ions  with the Zone "A" 
Technical  Meeting,  these  proceedings  re.zord only the f i r s t  two days  of 
the three-day conference which we re  devoted to topics of i n t e r e s t  to 
so i l  engineers .  The proceedings  contain s u m m a r i e s  of those  p a p e r s  
which a r e  to be  published by journals ;  the re.naining p a p e r s ,  which 
a r e  not expected to appear  e l s ewhe re  i n  the i r  p r e sen t  f o r m ,  a r e  pr in ted 
in  the i r  ent i re ty .  
Nineteen hundred and sixty-two was  the las t  yea r  in 
which the ACSSM, through i t s  Subcommit tee  on Soi l  Mechanics ,  w a s  
responsible  f o r  the organization and s p ~ n s o r s h i p  of the Annual Soil  
Mechanics Conference.  The Seventeenth Conference wil l  be  held in  
1963 in  Ottawa i n  Se? tember ,  but i t  wil l  b e  under the  ausp i ce s  of the 
EIC. 
The need f o r  such a  "meet ing ground1 ' ,  a s  these  annual  
conferences  have provided for  so i l  mechan ics  w o r k e r s  in a l l  p a r t s  of 
Canada,  was  f i r s t  apprec ia ted  in  the immed ia t e  post -war  per iod by 
R. F. Legget ,  Cha i rman  of the Assoc ia te  Commit tee  on Soil  and Snow 
Mechanics ,  then on the civil engineer ing staff of the Univers i ty  of Toronto.  
The f i r s t  mee t ing  was  held in  Ottawa in  Apr i l  1947 and was  at tended by 
a l l  the known Canadian w o r k e r s  in  the f ie ld  a t  that t i m e ,  with D r .  L.  F. Cooling 
(of the Br i t i sh  Building R e s e a r c h  Stat ion) a s  an  honoured guest .  
The  Division of Building R e s e a r c h  was  es tabl ished by 
the National Resea r ch  Council l a te r  in  1947. S ta r t ing  i n  1948, meAmbers 
o: the staff of the Soil  Mechanics  Section of the Division have c a r r i e d  
the admin is t ra t ive  responsibi l i ty  f o r  the organization of the success ive  
confe rences ,  in associa t ion with local  commi t tees  when the mee t ings  
we re  n,3t held in  Ottawa,  until  the Sixteenth Conference of 1962. 
At f i r s t ,  these  gather ings  s e rved  the needs  of so i l  
mechan ics  r e s e a r c h  w o r k e r s  in  Canada,  providing a  useful  f o r u m  for  
d i scuss ion .  F r o m  the ou t se t ,  the m e e t i n g s  w e r e  c h a r a c t e r i z e d  by the 
f ru i t fu l  par t ic ipa t ion  of a  few w o r k e r s  f r o m  the  a l l i ed  d i sc ip l ines  of 
pedology and geology,  with e x p e r t s  f r o m  o the r  b r a n c h e s  of appl ied  
s c i e n c e  often p r e s e n t  a l s o ,  f o r e s t r y  w o r k e r s  having m a d e  useful  con t r i -  
butions.  Mimeographed  p roceed ings  w e r e  p r e p a r e d  annually by 
the DER Soi l  Mechan ics  staff not only to p rov ide  a  useful  p e r m a n e n t  
r e c o r d  but a l s o  to m a k e  known the r e s u l t s  of s o i l  m e c h a n i c s  r e s e a r c h  
f o r  the benefi t  of e n g i n e e r s  engaged in foundat ion ,  r o a d  and a i r p o r t  
des ign  and cons t ruc t ion .  T h e  confe rences  g radua l ly  a t t r a c t e d  the 
a t tendance  of such  e n g i n e e r s  and o v e r  the y e a r s  a s s u m e d  the  c h a r a c t e r  
of ful l-f ledged p ro fess iona l  m e e t i n g s  with a s  m a n y  a s  250 e n g i n e e r s  
and s c i e n t i s t s  p r e s e n t  f r o m  a l l  o v e r  Canada.  With the s u c c e s s  of 
the annual  confe rences  a s s u r e d ,  the  A s s o c i a t e  C o m m i t t e e  decided that  
one of i t s  in i t ia l  goals  had been  a t t a ined  and that  the s p z ~ n s o r s h i p  of 
the  m e e t i n g s  had rea l ly  c e a s e d  to be  a  p r o p e r  function f o r  the National  
R e s e a r c h  Council.  
It w a s  a g r e e d  that the o rgan iz ing  of such  Large m e e t i n g s  
could bes t  be  a s s u m e d  by a n  eng inee r ing  soc ie ty  such  a s  the Eng inee r ing  
Ins t i tu te  of Canada.  T h e  Ins t i tu te  welcomed the  sugges t ion  .and es tab l i shed  
a  Geotechnica l  Engineer ing  Division of i t s  C o m m i t t e e  on Techn ica l  O p e r a t i o n s  
to be  re spons ib le  f o r  f u t u r e  confe rences .  A  g r a d u a l  t r ans i t ion  was  a r r a n g e d ,  
the Fi f teenth  Conference  being s p o n s o r e d  by the NRC and EIC,  and the  
Sixteenth Confe rence  under the a u s p i c e s  of the EIC an'd NRC. T h e  t r a n s f e r  
i s  now comple te ,  p l ans  f o r  the Seventeenth  Confe rence  a l r e a d y  being 
p r e p a r e d  by the Ge3technica l  Eng inee r ing  Division of CTO/EIC.  
It m a y  b e  noted that al though m a n y  of the annual  c o n f e r e n c e s  
w e r e  held i n  Ot tawa,  a  number  w e r e  held in  v a r i o u s  o the r  Locations such  
a s  Vancouver ,  Le thbr idge ,  Edmonton,  Saska toon ,  Winnipeg,  N i a g a r a  F a l l s ,  
M o n t r e a l ,  and Ha l i f ax ,  to b r i n g  the  benef i t s  of such  m e e t i n g s  to those  
who could not t r a v e l  the Long d i s t a n c e s  involved.  Nineteen hundred  and 
sixth-two a l s o  m a r k s  the l a s t  y e a r  when the p roceed ings  o l  the  confe rence  
wi l l  by publ ished b j  the ACSSM. F o r  this  f ina l  y e a r ,  those  p a p e r s  not 
appear ing  e l s e w h e r e  in  recognized journa l s  wi l l  be  publ ished i n  the p roceed ings ;  
o t h e r s  wi l l  be  s u m m a r i z e d .  
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Water in  itself and in  i t s  behaviour i s  a complex 
substance.  The re  a r e  Van d e r  Waals and Coulombic fo rces  operating 
between the bodies present .  Clay par t ic le  sur faces  and edges,  f r e e  
and adsorbed cations and anions a l l  possessing cha rges ,  presumably 
a l l  in teract .  Fu r the r ,  charges  on the par t ic les  a r e  not evenly d i s t r i -  
buted but may  have points of concentration and the cations differ both 
in  s ize  and charge.  The rma l  energy and the infinite var ie ty  of in te r -  
par  tic le relationships would appear  to compound an  a l ready  complex 
system.  In mos t  ins tances  a l l  that can be measu red  i s  the net effect 
of these forces .  
This paper i s  based on the t r iaxial  s t rength r e su l t s  
obtained by compressing a normally consolidated remoulded chemically 
treated clay soil.  It i s  concluded that both the adsorbed cation complex 
and the concentration of s a l t s  in the pore  water influence the shea r  
s t rength of a soil .  The main  factor  considered to account f o r  the 
variations in  s t rength a r e  the changes in thickness of the adsorbed f i lm 
that a r e  brought about by the adsorbed cation o r  sal t  concentration in  
the pore  water .  
The work that f o r m s  the bas i s  of this paper was 
ca r r i ed  out a s  a requirement  f o r  a P h .  D. degree  a t  the University 
of Alberta with financial a s s i s t ance  f r o m  the Joint Highway Resea rch  
P r o g r a m  of the Province  of Alber ta .  The author exp res ses  his  appreciation 
of the help and c r i t i c i sm extended to him by many m e m b e r s  of the staff. 
Of par t icu la r  note a r e  Dr.  R .  M. Hardy and P r o f e s s o r  S.  R. Sinclai r .  
* 
See Appendix "A" for  affiliation. 
The r o l e  played by so i l  physics and physical  chemis t ry  
in  explaining the geotechnical behaviour of clay soi ls  i s  increas ing  
i n  importance and i s  contributing to an undertstanding of this behaviour. 
This  paper p re sen t s  r e su l t s  obtained f rom laboratory t r iaxial  t e s t s  
c a r r i e d  out on a remoulded, normally  consolidated clay soi l  that was  
modified by having a high proportion of the exchange complex occupied 
by a single cation species .  In addition to the natural  so i l ,  the modifi- 
cations studied were  those result ing f rom the par t ia l  sa turat ion of the 
exchange complex with calcium, magnesium, potass ium and sodium 
cations. 
Sample Prepara t ion  
The soi l  used for  this p rog ram was  obtained f r o m  a 
highway cut Located on the southern outskir ts  of Edmonton. The  cut 
was opened in the Latter pa r t  of the summer  of 1959 and the bulk so i l  
sample was dug out of the backs lope just above road level in ea r ly  Apr i l  
of 1960. Vertically,  the sample  location was between fifteen and twenty 
feet  below the original  ground surface.  Five hundred pounds of this 
so i l  was obtained and allowed to a i r  d r y  in the Laboratory. The  m a t e r i a l  
i s  a glacial  lake sediment c lass i f ied a s  a highly plas t ic  clay. The so i l  
in  i t s  natural  s ta te  contains 45% clay s i ze s ,  53% si l t  s i z e s ,  and the 
remainder  sand. After a i r  drying and mixing, random portions w e r e  
broken down and c rushed  to p a s s  a No. 40 sieve.  
The soi 1 modifications were  prepared  by washing the 
soil  with 0 .7  5 norma l  hydrochloric acid  to remove  the carbonates  and 
sulphates. It was then washed with one normal  ace ta te  solution of the 
des i red  cation and finally centrifuged with ethyl alcohol. After oven 
0 drying a t  50 C and crushing,  sufficient dist i l led water  was  added to 
yield a s l u r r y  with a mois ture  content slightly in  excess  of the Liquid 
limit. This s l u r r y  was consolidated a t  a p r e s s u r e  of one ki logram 
per  square  cent imeter  in  two-inch inside d iameter  lucite tubes four 
inches long. Tr iax ia l  specimens,  35.7 mm.  by 80 mm.  long were  
t r immed f r o m  the consolidated samples .  Each specimen contained 5 
internal  wool wicks inser ted  just before placing in  the t r iaxial  cell. 
Soil  T e s t s  
The specific gravity of the so i l  sol ids ,  C , and the 
S 
grain- s ize  distr ibution (hydrometer  analysis)  were  determined on 
each modification in  accordance with ASTM-D854- 52 and D422- 54T 
respectively.  The shea r  s t rength was determined on a Norwegian 
Ceonor Tr iax ia l  Soil Testing Apparatus e s  sentially a s  out lined by 
Andresen et a l  (1). The ma jo r  difference was the use of a 2 ki logram 
p e r  squa re  cent imeter  backpmssure  for  this work. 
The quantitative determination of the cation exchange 
capacity and of the exchangeable cations was according to the procedure  
evolved by the Soil Survey Section of the Alberta R e s e a r c h  Council. 
The cation exchange capacity was based on leaching a sma l l  soi l  sample  
with ammonium ace ta te ,  then doing a kjeldahl nitrogen determination 
on the ammonia retained by the soil.  The exchangeable cations were  
determined with a Model DU Beckrnan F lame  photometer on an ammonium 
leachate of the soi l  sample.  
Tes t  Resul ts  
Analysis of Adsorbed Cations 
The exchange capacit ies and the pe r  cent adsorpt ion 
of the var ious  ions a r e  l isted in Table I. One batch of soi l  provided 
3 t r iaxial  specimens.  Lack of p rec i se  control  in  leaching and in the 
final  alcohol washing gave r i s e  to the var ia t ions  in sal t  content and the 
adsorbed complex. Croup I was the f i r s t  group tested and Croup I1 
the second. The bas i s  for  grouping i s  the difference in the sal t  contents 
of the pore  water .  It i s  noted that although homionic conditions w e r e  
n ~ t  achieved, i t  was believed that a sufficiently high proportion of a 
single cation species  was adsorbed so  that i t s  behaviour would not be 
affected. Although not fully achieved, the homionic condition was 
attempted in order  to enhance single cation effects and to reduce o r  
eliminate the influence of one cation type on another.  
Specific Gravity of Soil Solids 
Table 2 presen t s  the r e su l t s  of specific gravity t e s t s  
a s  determined by the s tandard pycnometer procedure.  The var ia t ion 
in r e su l t s  i s  significant par t icular ly  when one cons iders  that the 
natural  soil  ha s  calcium and magnesium occupying 98% of the exchange 
positions. The two readily apparent  f ac to r s  influencing these values 
a r e  the adsorbed cation complex and the presence  of sal ts  in  the pore  
water. 
Where soluble sa l t s  a r e  present  in  the pore  water ,  
the dry weight of the soi l  i s  increaeed by the weight of sal ts .  F o r  
smal l  amounts of soluble sa l t s  there is practically no weight loss  when 
they a r e  dissolved in water.  If the formula fo r  calculating the specific 
gravity of the soi l  solide i s  considered, the ex t ra  weight of sa l t s  appears  
in  the numerator  but not in the denominator. It i s  apparent ,  therefore ,  
that the presence of soluble sa l t s  in the pore water  inc reases  the 
observed value of the specific gravity of the soil  solids. If the sa l t s  
a r e  insoluble, they will ac t  like another soi l  grain and the observed 
specific gravity will be an average value, either lower o r  higher depending 
on whether the salt  i s  lighter or heavier  than the so i l  par t ic les .  F o r  
most  soils this effect will likely be small .  
The amount of adsorbed water  in the c a s e  of sodium 
soi l  in the a i r  d ry  s tate  will be grea ter  than that f o r  calcium in  the 
air dry s tate  because of the grea ter  surface a r e a  of the sodium modifi- 
cation. This a l so  leads to an observed specific gravity that i s  higher 
in the case  of sodium soi ls  than calcium soils.  
The influence of the adsorbed cation and the presence  
of sal ts  in the pore water can not be separated. There  i s  an interplay 
of these two fac tors ,  for  example, the presence of sal ts  depress  the 
thickness of the water  hull. Since the variations of specific gravity 
depend to some extent on the surface a r e a  and activity of the soi l  
par t ic les  la rger  discrepancies  will  be found with montmorillonites than 
with kaolinites. 
Hydrometer Analysis 
A soi l  par t ic le  in suspension may be considered to 
consist of a soi l  nucleus surrounded by a water fi lm. Manipulations 
of the formulae used in the hydrometer analysis with var ious assumptions 
concerning part ic le  s i ze  and thickness of adsorbed water  fi lm indicate 
that the influence of the adsorbed cation complex on the water  hull of 
a par t ic le  does not have a very  significant influence on the reeulting 
grain s ize curve. The resu l t s  of teste shown in Fig. 1 reveal ,  however, 
a considerable difference of grain distribution part icular ly f o r  the sodium 
modification. Gr im (2 )  suggests  that the r ea son  fo r  the i nc rease  in  
the pe r  cent clay s i ze s  i s  the grea te r  tendency f o r  par t ic les  to break  
down along cleavage planes during d isper  sion when sodium occupies 
a high per  cent of the exchange positions. The type of clay m i n e r a l  
would reflect  to some extent in the grain-  s ize  distr ibution,  par t icular ly  
the montmoril lonites.  
Tr iax ia l  Consolidation 
During t r iaxial  consolidation a plot of buret te  reading 
v e r s u s  the logarithm of t ime was kept for  each sample.  Table 3 l i s t s  
the t imes of theoret ical  lOO'j'o consolidation obtained f r o m  these plots. 
Typical plots a r e  i l lus t ra ted on Fig.  2. 
The r e su l t s  in  Table 3 show that there  i s  a cation 
effect on the t ime r a t e  of consolidation. The mechanism appears  to 
be a physical  clogging of the po re  space by the adsorbed water  f i lms  
a s  i s  evidenced by the fact  that the sodium cation, which i s  assoc ia ted  
with a thick water  hull around the par t ic le ,  yields the modification 
requir ing the longest time. The re  would appear  to be two effects,  one 
decreas ing  the pore diameter  and the other decreas ing  the number  of 
channels by sealing off those of s m a l l  d iameter .  In addition, the 
breakdown of clay par t ic les  when sodium i s  adsorbed leads to a f iner  
grained soi l  m a s s  which in turn r e su l t s  in  a longer t ime for consolidation 
to cccur .  
Table 3 a l so  shows that there  i s  a noticeable influence 
exer ted on the t ime r a t e  of consolidation by the p re sence  of sa l t s  in 
the pore  water .  With the exception of the potass ium so i l ,  the higher 
concentration of s a l t s  in the po re  water  i s  associated with a dec rease  
in the t ime required f o r  consolidation to occur.  The reason  postulated 
f o r  this i s  that the s a l t s  p resen t  in the po re  water  have the effect of 
decreas ing  the thickness of the adsorbed water  f i lms  on the clay par t ic les  
and a l so  tend to flocculate the par t ic les .  This  was substantiated by a 
single tes t  c a r r i e d  out with sodium modified specimen having a high 
sal t  content in the pore  water  (118 m .  e. per  100 gm. a i r  dr ied soil).  
The t ime to theoret ical  1000/o collsolidation fo r  this sample was 350 
minutes ,  l e s s  than 170 of the t ime required fo r  the specimen with no 
sa l t s  in  the pore  water .  
Consolidated - Undrained Strength 
The data observed for  each tes t  consisted of the 
deviator s t r e s s  and the pore  p r e s s u r e  in  the water  phase. F r o m  this 
data the ma jo r  and minor  pr incipal  and their  ra t io  w e r e  calculated. 
Typical  plots of deviator s t r e s s e s  and po re  p r e s s u r e  v e r s u s  s t r a in  
a r e  shown on Figs .  3 and 4 respectively.  F r o m  a study of these plates  
i t  appea r s  necessary  to offer a tentative explanation f o r  the low deviator 
s t r e s s e s  and po re  p r e s s u r e s  measu red  in  the sodium modified samples .  
The s tar t ing point fo r  this tentative explanation i s  
the fact  that thick water  hulls adsorbed on clay par t ic les  a r e  associated 
with the sodium cation ( 3 ) .  These  water  hulls  mus t  be  in contact o r  
somewhat intergrown a s  i s  suggested by the t ime r a t e  of consolidation 
data. Since the oriented water  l ayers  a r e  relatively f a r  f r o m  the clay 
par t ic le  sur face ,  the degree  of orientation a t  the f r i nges  i s  probably 
not very strong. However, there  i s  some s t ruc tu re  in  the adsorbed 
water and in  the overlapping portions of adjacent water  hulls. The 
thickness of the water  hulls leads to higher void ra t ios  hence higher 
mo i s tu re  contents. The water  hul l  thickness a l s o  inc reases  in te rpar t ic le  
spacing therefore  reducing in te rpar  tic le a t t ract ions  and repulsions.  
The monovalent sodium ion i s  not capable of tying adjacent soi l  par t ic les  
together. 
The sum of these concepts leads to the conclusion that 
the shear  s t rength of the sodium modified soi ls  mus t  be  low. These 
effects a r e  a lmos t  r eve r sed  fo r  the divalent magnesium and calcium 
cations. A thin water  hull around the clay par t ic le  i s  associated with 
these cations which allows higher in te rpar t ic le  a t t ract ions  and repuls ions  
and possibly a tying of par t ic les  together due to the divalent na ture  of 
the cations. 
In the consolidated-quick test  per formed fo r  this 
r epo r t ,  i t  was consistently observed that there  was a sma l l e r  proportion 
of the applied deviator s t r e s s  t r ans fe r r ed  to the water  phase of the 
sodium modifj.ed samples  than with the other modifications. The 
suggested explanation f o r  the lower pore  p r e s s u r e s  developed in  the 
sodium modified so i l s  i s  developed by the following t ra in  of thought, 
P r e s s u r e  in the po re  water  of a soi l  sample a r i s e s  because there  i s  
a t ransfer  of a n  applied s t r e s s  to the water  phase f r o m  the soi l  skeleton. 
In this  context the soi l  skele ton i s  meant  to include the adsorbed  wate r  
hull. The t r ans f e r  of s t r e s s  to the wate r  phase  impl ies  a s m a l l  d e c r e a s e  
in  volume of the so i l  skeleton. F r o m  th i s ,  i t  follows that re la t ively  
r ig id  so i l  s t r uc tu r e  wil l  r e su l t  in  low po re  p r e s s u r e s  whe rea s  a soi l  
s t r uc tu r e  capable of dec rea s ing  in  volume will  r esu l t  in  high pore  
p r e s s u r e s .  It i s  suggested that the or iented wate r  molecu les  within 
the overlapping wate r  hulls  i m p a r t  sufficient r igidity to the soi l  s t r u c t u r e  
to c a r r y  the initially imposed deviator s t r e s s .  Th is  mechanism a l s o  
al lows f o r  the low deviator s t r e s s e s  observed  fo r  the sodium so i l s  s ince  
the applied s t r e s s e s  need only disrupt  the or iented wate r  net. 
The thin and wel l  defined wate r  hulls around clay 
par t i c les  assoc ia ted  with the divalent calc ium and magnes ium cat ions  
do not over lap between soi l  pa r t i c les .  The re fo re ,  when s t r e s s  i s  applied 
the soi l  pa r t i c les  can shift o r  s l ide  over one another  sufficiently to b r ing  
about a  slight volume d e c r e a s e  and to genera te  the higher po re  p r e s s u r e s  
observed.  
The mechanism postulated may  a l s o  be used to account 
f o r  the fact  that the sodium sample s  f a i l  a t  a much lower s t r a in  than do 
the other  modifications.  Once the init ial  s t r a i n  ha s  d i s rup ted  the or iented 
and overlapping wate r  net of the sodium soi l ,  the s t reng th  d e c r e a s e s  due 
to the water  being in  a  f r e e  s ta te .  P a r t i c l e s  with l a rge  wate r  hulls  wil l  
s l ide  pas t  one another with re la t ive  e a s e  thus in te rna l  f r ic t ion will  be at 
a min imum.  On the other  hand fo r  the divalent cation modif icat ions ,  
in te rpar t i c le  a t t rac t ions  and repuls ions  have to be overcome and because  
the thin water  hulls  do not smooth out par t i c le  i r r e g u l a r i t i e s ,  in te rna l  
f r ic t ion can continue to build up to much higher s t r a i n s ,  
Mohr P lo t s  
The  Mohr P lo t s  of effect ive  s t r e s s e s  s e r i e s  of t e s t s  
a r e  shown on Fig .  5 and summar i zed  in  Table  4. Each envelope i s  defined 
by a t  leas t  th ree  t es t  r e su l t s  except that f o r  the sodium sample  with a  
high sa l t  content in  the po re  water  which i s  a  single tes t  r esu l t .  
The Mohr plots r evea l  two dist inct  f a c t s .  One,  that 
the adsorbed cation complex does  affect the angle  of in te rna l  f r ic t ion 
and ,  secondly,  that the sa l t  content of the po re  o r  f r e e  wate r  h a s  a 
pronounced effect on the s t reng th  of a  given modification.  At this t ime 
these r e su l t s  mus t  be considered m o r e  a s  qualitative than quantitative 
due to the uncontrolled sal t  contents. The genera l  conclusions,  however,  
a r e  s t i l l  considered to be valid. 
The postulates previously presented appear  to account 
for the differences in  the angles of internal  fr ict ion.  The potass ium 
and magnesium have relatively thin water  hulls which r e su l t  in  lower 
void ra t ios  and m o r e  in te rpar t ic le  in te r fe rence .  The effect i s  to i nc rease  
the angle of internal  fr ict ion.  The Mohr envelope for  the calcium and 
sodium modifications offer supporting evidence f o r  the ro le  played by 
the thickness of the adsorbed water  f i lm on the par t ic les .  Sodium clay, 
having the thickest water  hull,  has  the lowest angle of internal  fr ict ion.  
The effect of sa l t s  in the po re  water i s  a l s o  exemplified by the sodium 
and calcium soils .  An inc rease  in  sal t  content r e su l t s  in  significant 
s t rength increase .  The presence  of sa l t s  has  the effect of decreas ing  
the adsorbed water f i lm thickness on the soi l  par t ic le  enhancing in te r -  
par t ic le  friction. Sodium soi ls  with high sal t  contents have s t rengths  
comparable to the other modifications. 
In summary ,  the var ia t ions  i n  s t rength a r e  attr ibuted 
to changes in thickness of the adsorbed water  f i l m s  on the clay par t ic les .  
The thick water  f i lms  associated with the adsorbed sodium cation tend 
to overlap between par t ic les  which p re sen t s  a sufficiently rigid soi l  
s t ruc ture  to init ial  imposed s t r e s s e s .  Due to this s t ruc tu re ,  a l a rge r  
proportion of the applied s t r e s s  i s  ca r r i ed  by the soi l  skeleton which 
i s  manifested i n  lower pore  -8ater p r e s s u r e s .  A sma l l  amount ol s t r a in  
d i s rup ts  the water  nets and accounts for  the sodium failing a t  low s t r a i n  
values.  The thick water  hulls  a l so  smooth out the par t ic les  and reduce 
interpar t ic le  frict ion result ing in low st rengths .  
Fu r the r  Considerations of this Work 
It has  generally been accepted that a plot of the mo i s tu re  
content v e r s u s  the logarithm of the compress ive  s t rength r e su l t s  in  
a s t ra ight  line f o r  saturated cohesive soils .  The resu l t s  of these tes t s  
have been plotted on Fig.  6. The data strongly suggests that the l inear  
variation only holds when the adsorbed cation complex o r  the Level of 
sa l t s  in the pore  water does not change. The re  i s  some  indication f r o m  
Fig. 6 that an  inc rease  in the sal t  content f lat tens the slope of the curve; 
that i s ,  i t  tends to impar t  to the soi l  those cha rac t e r i s t i c s  associated with 
a  s o i l  of low cohesion.  T h i s  d e c r e a s e  of cohes ion  a s  the s a l t  content  
i n c r e a s e s  s e e m s  to a g r e e  with the  behaviour  of a clay  s o i l  when a  
non-polar  fluid t akes  the p lace  of w a t e r .  T h e s e  r e s u l t s  a l s o  a p p e a r  to 
ind ica te  that the th ickness  of the a d s o r b e d  w a t e r  f i l m  a r o u n d  a  c lay  
p a r t i c l e  m u s t  be  taken in to  accoun t  when studying the phenomena of 
cohes ion.  
T a y l o r  (4)  and o t h e r s  d i s c u s s  the concept  that  a  plot 
of the m o i s t u r e  content v e r s u s  the logar i thm of the c o m p r e s s i v e  s t r e n g t h  
and the v i r g i n  c o m p r e s s i o n  b r a n c h  of the  p r e s s u r e - v o i d  r a t i o  c u r v e  f o r  
s a t u r a t e d  cohes ive  s o i l s  should r e s u l t  i n  two p a r a l l e l  l ines .  The  da ta  
f r o m  th is  t e s t  s e r i e s  and the consol ida t ion  da ta  f r o m  the  work of Hamil ton  
(5)  a r e  plot ted on Fig .  7 .  In s e v e r a l  i n s t a n c e s  t h e r e  i s  a  m a r k e d  devia t ion  
f r o m  p a r a l l e l i s m  of the c u r v e s  desp i t e  the paucity of the da ta .  T h e  m a j o r  
d i f f e rences  be tween s a m p l e s  i s  the amount  of s a l t s  i n  the  p o r e  w a t e r  and 
i t  a p p e a r s  that  p a r a l l e l i s m  wi l l  o c c u r  only when the  so i l  s a m p l e s  a r e  
ident ica l  including the s a l t  content  of the p o r e  w a t e r .  At th is  t i m e  t h e r e  
i s  insufficient  da ta  on which t o  b a s e  f u r t h e r  conclus ions .  
T h e  swel l ing  p r e s s u r e  e x e r t e d  by s o m e  s o i l s  h a s  
p r e s e n t e d  i n t e r e s t i n g  p r o b l e m s  i n  r e c e n t  y e a r s .  In a t t empt ing  to expla in  
th is  phenomenon i t  is sugges ted  that swel l ing  p r e s s u r e s  a r e  Largely due 
to i n c r e a s e s  i n  th ickness  of the a d s o r b e d  w a t e r  f i lm.  A s s u m i n g  that 
r eo r i en ta t ion  of w a t e r  m o l e c u l e s  i n  the f o r c e  f ie ld  of a  c lay  p a r t i c l e  
i s  a  c rys ta l l i za t ion  p r o c e s s ,  then i t  would a p p e a r  logical  to pos tu la te  
that  th is  r eo r i en ta t ion  r e s u l t s  i n  swel l ing  p r e s s u r e s .  If one c o n s i d e r s  
a  s o i l  m a s s  in a  re la t ive ly  d e n s e  s t a t e  with a  high Level of s a l t s  i n  the  
p o r e  w a t e r  and reasonab ly  p u r e  w a t e r  b e c o m e s  ava i l ab le  to the m a s s ,  
i t  i s  sugges ted  that the following wi l l  t ake  p lace .  F i r s t l y ,  osmot ic  
p r e s s u r e  wi l l  develop due  to the di lut ion of the  p o r e  f lu id  a n d ,  secondly ,  
th is  di lut ion wil l  al low the a d s o r b e d  w a t e r  f i l m s  to expand. Both of 
t h e s e  m e c h a n i s m s  wi l l  give r i s e  to swel l ing  p r e s s u r e s  and wil l  continue 
to  d o  s o  , ~ n t i l  a n  equ i l ib r ium is es tab l i shed .  If the w a t e r  ava i l ab le  to  
the  so i l  m a s s  conta ins  s a l t s ,  both the m e c h a n i s m s  wi l l  b e  r educed  i n  
magni tude .  
Consider ing  f ie ld  p r o b l e m s ,  two m a j o r  points  a p p e a r  
to b e  the s a l t  level  of the groundwater  and the composi t ion  of w a t e r  
moving through a  so i l  m a s s .  It i s  poss ib le  to  d e c r e a s e  the o v e r a l l  s a l t  
content of the p o r e  w a t e r  leading t o  s o m e  s t r e n g t h  reduc t ion  o r  i t  i s  
possible  to affect a cation exchange which m a y  a l s o  Lead to s t rength  
reduction. This  l a t t e r  d e c r e a s e  m u s t  be the r e su l t  of f i r s t  a n  exchange 
of cations,  for example,  sodium replacing ca lc ium,  followed by a 
reduction of the sa l t  level i n  the so i l  m a s s .  In consider ing the genera l  
feasibil i ty of such occu r r ences  i n  the f ie ld ,  t he re  a r e  two points that 
mus t  be  kept i n  mind. In many of the so i l s  of Alber ta  f r e e  gypsum 
c rys t a l s  a r e  often found. These  a r e  sufficiently soluble to maintain  
a reasonable  sa l t  level  in  the pore  wate r .  If the soi l  i e  Leached with 
a solution containing divalent and monovalent cat ions ,  t he re  i s  a 
p re fe ren t ia l  adsorpt ion of the divalent ion (6).  Both these  fac tors  
mit igate  against  a s t rength loss  due to cation exchange o r  salt  level  
dec rease .  
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FLAME PHOTOMETER RESULTS 
Exchange ., P e r c e n t  Adsorbed  of S a l t s  i n  
* 
Capacity Group Calc ium Sodium P o t a s s i u m  Magne siurn P o r e  W a t e r  
Notes: 
1. *--Group I cons i s t s  of f i  s t  3 s a m p l e s  only f o r  e a c h  ~ ~ o d i f i c a t i o n  (consol ida ted  Z 
a t  1. 5, 2 . 7 5  and 4 k g / c m  ). All  subsequent  s a m p l e s  c o m p r i s e  Group 11. 
2. S a l t s  in  p o r e  wa te r  ca lcula ted  a s  d i f ference  between exchange capaci ty  by d is t i l la t ion  
and to ta l  of f l ame  photometer  r e s u l t s .  
3.  Exchange capacity and s a l t s  in p o r e  wa te r  given a s  mi l l iequivalents  p e r  100 g m  a i r  
d r i e d  soi l .  
TABLE 2 
- 
SPECIFIC GRAVITY O F  SOIL SOLIDS 
S a l t s  i n  P o r e  Wate r  
Average  Specific m .  e. 1100 gm. air 
Modification Gravi ty  d r y  s o i l  
Na tura l  2.78 7 4  
Calcium 2.73 10 
Magnesium 2. 68 16. 5 
Sodium 2.79 0 
P o t a s s i u m  2.71 32 
TABLE 3 
TIME IN MINUTES FOR 10070 THEORETICAL CONSOLIDATION 
IN TRIAXIAL C E L L  
MODIFICATION 
Ce 11 * 
P r e s s u r e  K S. C. Ca SC Mg S C  Na S C  
1. 5 9,700 31.8 500 21.8 
2 .75  14,000 31.8 160 21.8 
4. 00 13,000 31.8 170 21.8 
5. 25 3,900 5. 1 140 9 .8  
6. 5 3,900 5. 1 87 0 9. 8 
7 . 5  4,500 5. 1 17 5 9.8 
*SC = Salt  content in  the po r e  w a t e r ,  m. e 
390 1 .8  39,000 0 
300 1.8 30,000 0 
170 1 .8  46,000 0 
150 16.5 39,000 3.8 
170 16.5 40,000 3 .8  
150 16.5  22,000 3.8 
p e r  100 gm. of air d r i ed  soi l  
T A B L E  4 
SUMMARY O F  STRENGTH P A R A M E T E R S  
- 
Sal t  Content 
of P o r e  W a t e r  T o t a l  S t r e s s  Effec t ive  S t r e s s  
m. e. / l o 0  gm.  2 Q, 2 Q, Modificat ion air d r i e d  s o i l  K g / c m  d e g r e e s  Kg/  c m  d e g r e e s  
Ca lc ium 
Sodium 
Magnes ium 
N a t u r a l  74 
0 










Single  t e s t  r e s u l t ,  cohes ion  a s s u m e d  equa l  t o  z e r o  
FIGURE I 
PARTICLE SIZE DISTRIBUTION 
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THE ENGINEERING PROPERTIES O F  ILLITE 
RELATED TO FABRIC AND P O R E  WATER COMPOSITION 
R. M. Quigley 
SUMMARY 
Engineer ing t e s t s  have been pe r fo rmed  on a n  i l l i te  
lay containing about 30 p e r  cent of vermicu l i t e  and chlor i t ized 
e rmicu l i t e .  The  t e s t s  w e r e  pe r fo rmed  in controlled sa l t  environments  
consist ing of NaCl and KCL. The c lays  w e r e  sodium sa tura ted ,  deposited 
in  0 .  154 Normal  NaCl and then leached with 0. 154 Normal  solutions of 
e i ther  Nacl o r  KCl. Different consolidation and s t reng th  p rope r t i e s  
w e r e  observed on the clay depending on whether i t  was  leached with 
NaCl o r  KCl. A fabr ic  study,  pe r fo rmed  using x - r a y  di f f ract ion 
techniques,  showed that the Na and K c lays  had di f ferent  ave rage  
par t i c le  a r r angemen t s .  Most of the d i f fe rences  in so i l  f ab r i c  and 
engineering p rope r t i e s  of the Na and K clays  can  be  a t t r ibuted to the 
di f ferent  adsorbed  cations p r e sen t .  Although a  l imited amount of 
po tass ium fixation and layer  Lattice col lapse  did occur  in  the so i l  
ve rmicu l i t e  when Leached with KCl,  the effects  of the resu l t ing  expulsion 
of in te r layer  wate r  w e r e  general ly  swamped by the effects of o rd inary  
cation exchange. 
During ac id  weather ing,  considerable  i n t e r  layer  
po tass ium m a y  be  removed  f r o m  so i l  i l l i t e s  o r  m i c a s  producing 
"degraded" i l l i t e s  o r  ve rmicu l i t e s  which can  expand apprec iab ly  
and m a y  behave somewhat like montmori l loni te .  Upon t rea tment  with 
KC1 solutions they col lapse  back to a non-expanding mica .  Th is  col lapse  
occu r s  in na ture  when degraded i l l i t e s  f ix po tass ium upon enter ing a 
m a r i n e  environment.  The reac t ion  h a s  been called c lay m i n e r a l  
"diagenesis" (change in minera logy  a f te r  deposit ion) by s o m e  w r i t e r s  
and cation exchange with f ixation by o thers .  (eg.  Weave r ,  1958a and 
1958b; P o w e r s ,  1957). 
The purpose  of the r e s e a r c h  descr ibed  h e r e  was  to 
de te rmine  the re la t ive  effects of po tass ium fixation and  ord inary  
cation exchange on the engineer ing p rope r t i e s  of a potass ium deficient  
i l l i te  in  controlled solutions of NaCl and KCL. The degraded  so i l  i l l i t e  
used i n  m o s t  of the expe r imen t s  was  obtained f r o m  a Podzol ic  so i l  
prof i le  in  which acid  weather ing had reduced  the po tass ium content to 
a f a i r l y  low level. Although a m i n o r  amount of col lapse  did occur  a s  
a r e su l t  of KC1 leaching, the so i l  behaved essen t ia l ly  like a n  i l l i t e  
and the changes in  p rope r t i e s  w e r e  due p r i m a r i l y  to o rd ina ry  cation 
exchange. The col lapse  of the c lay was  prevented by adsorbed  a luminum 
and i r o n  hydroxide complexes  which had rep laced  the po tass ium resu l t ing  
i n  pa r t i a l  chlori t ization of the degraded i l l i t e  o r  ve rmicu l i t e  in  the so i l  
profi le.  Different consolidation and s t reng th  c h a r a c t e r i s t i c s  which 
w e r e  m e a s u r e d  on the Na and K c l ays ,  a r e  the subject  of this  paper .  
Soil  f ab r i c  s tudies  pe r fo rmed  on consolidated speci-  
m e n s  showed that the Na and K clays  had different  pa r t i c l e  a r r a n g e m e n t s  
which could be  m e a s u r e d  semi-quant i ta t ively  by x - r a y  methods .  Additional 
s tudies  on shea red  i l l i t e  and kaolinite spec imens  showed that shear ing  
produces  m a r k e d  pa r t i c l e  orientat ion.  The di f ferences  i n  so i l  f ab r i c  
and engineering p rope r t i e s  of the i l l i te  c an  be  explained i n  t e r m s  of 
Rosenqvis t ' s  concepts of cation polar izabi l i ty  o r  re la ted  to the s i z e  of 
the hydrated cations adsorbed  on the clay. 
MATERIALS AND METHODS 
Clay Mineralogy 
The  clay so i l  used for  test ing was  obtained f r o m  a 
Podzol ic  so i l  prof i le  located nea r  the c r e s t  of a druml in  in  Eas t  
Boston,  Massachuse t t s .  The clay was  separa ted  f r o m  the t i l l  by 
high speed centrifugation.  The so i l  c a m e  f r o m  the upper 1. 5 feet  
of the prof i le  whe re  the m e a s u r e d  pH of the soi l  wa te r  was  4 to 4. 5 .  
The K 0 content of the clay was 3 to 4 p e r  cent  o r  about half that of ? norma  i l l i t e s .  
The so i l  mineralogy was  studied in  deta i l  using a 
var ie ty  of methods including x - r a y  diffraction,  d i f ferent ia l  t h e r m a l  
ana lys i s  and glycol retention.  X- r ay  spectographic  p rocedu re s  w e r e  
used to de te rmine  the cation exchange capaci ty ,  total po tass ium,  and 
extractable  a luminum and i ron .  Detai ls  of the clay minera logy  and 
the minera log ica l  t e s t  p rocedu re s  have been published e l sewhere  
(Quigley and Mar t i n ,  1961) and wil l  not be repea ted  h e r e .  Although 
s e v e r a l  batches  of clay we re  t es ted ,  a l l  showed essen t ia l ly  the s a m e  
p rope r t i e s  despi te  Large di f ferences  in g ra in  s ize .  Batches  2 and 3 
mentioned h e r e ,  consis ted of s i z e s  s m a l l e r  than 2 m i c r o n s  and 0 . 4  
m i c r o n s ,  respect ively .  A brief  descr ipt ion of the composit ion of the 
clay used fo r  engineering test ing follows. 
The clay was  composed chiefly of i l l i te  with up to 
30 pe r  cent of ch lor i t e  and so i l  ve rmicu l i t e .  A typical x - r a y  diffraction 
t r a c e  of a n  or iented spec imen  hornionic in  Na i s  shown on Fig. 1. The 
s t rong 10. 1 angs t rom peak a t  the left s ide  of Fig .  1 is cha rac t e r i s t i c  
of i l l i te .  The 1 4 . 3  and 7 . 4  angs t rom peaks  indicate  the p r e sence  of 
chlor i te  and vermicu l i t e .  Heat  t rea tment  and sodium c i t r a t e  extract ion 
s tudies  indicated that i r o n  and a luminum ch lor i t es  w e r e  both p resen t .  
Although pgtass ium saturat ion caused the vermicu l i t i c  phase  to col lapse  
back to 10 A i l l i t e ,  the change w a s  not permanent  and the potass ium 
could general ly  be  eas i ly  exchanged by sodium. The cation exchange 
capacity of the clay va r i ed  f r o m  20 to 35 mil l i -equivalents  p e r  100 g r a m s  
of c lay,  depending on the s i z e  of the clay f rac t ion  and i t s  Location i n  the 
soi l  profi le.  Aluminum and i r o n  hydroxide complexes  w e r e  found to have 
chlor i t ized much of the so i l  ve rmicu l i t e  thus preventing col lapse  of the 
s t ruc tu r e  (Quigley and Mar t in ,  1961). Of par t i cu la r  p r ac t i c a l  i n t e r e s t  
was the fac t  that extensive  leaching with solutions of NaCl,  and KCL i n  
pa r t i cu l a r ,  r esu l ted  in  the r emova l  of s o m e  of the adsorbed  AL and F e  
hydroxide complexes and a n  i n c r e a s e  i n  cation exchange capacity.  Any 
long- term i n c r e a s e  in exchange capacity would probably have affected 
the engineering tes t  r e s u l t s ,  s o  a l l  t e s t s ,  with the exception of consoli- 
dation 34 w e r e  c a r r i e d  out G - ~ e r  the s a m e  p e r i o d  of t ime .  
Methods  of Eng inee r ing  T e s t i n g  
T h e  c lay  s a m p l e s  w e r e  sod ium s a t u r a t e d  by washing 
them s e v e r a l  t i m e s  in  1  N o r r n ~ l  NaCL so lu t ions .  They  w e r e  then 
brought  i n t ~  equ i l ib r ium with 0. 154N NaCl and  deposi ted  in 0.  154N 
NaC! solu t ions .  One p a r t  p e r  mi l l ion  m e r c u r i c  ch lo r ide  w a s  used  to  
p r e v e n t  any b io logica l  ac t iv i ty  f r o m  developing i n  the c lay  sed iment .  
T h e  s a m p l e s  w e r e  al lowed to conso l ida te  in the consol ida t ion  c h a m b e r  
under  t h e i r  own weight and  then under  the weight of a l ight p o r o u s  s tone ,  
All  s a m p l e s  w e r e  then Leached under  the s a m e  head with 0 .  154N solut ions  
of e i the r  NaCl o r  KCl. Dur ing the 8 o r  9  day leaching p e r i o d ,  2 to  3 
s o i l  v o l u m e s  of l eacha te  p a s s e d  through the  sed imented  s a m p l e s .  T h e  
leached c l a y s  w e r e  subsequent ly  consol ida ted  to  p r e s s u r e s  of up  to 8 
tons  p e r  s q u a r e  foot.  P e r m e a b i l i t y  v a l u e s  w e r e  d e t e r m i n e d  f r o m  both 
the consolidat ion t e s t  r e s u l t s  and f r o m  fa l l ing  head t e s t s  r u n  on the  c lay  
a t  the end of the  load i n c r e m e n t s .  T e m p e r a t u r e  e f fec t s  w e r e  e l imina ted  
by runn ing  the consol ida t ion  t e s t s  in a  cons tant  t e m p e r a t u r e  r o o m .  
T h e  consol ida ted  c lay  s a m p l e s  w e r e  t e s t ed  in  undra ined 
s h e a r  using a  spec ia l ly  buil t  m i n i a t u r e  vane  tu rned  wi th  the a id  of a  
sens i t ive  W a t e r s  to rque  g l a s s .  S t r a i n  w a s  not m e a s u r a b l e  with the  
a p p a r a t u s  employed and f a i l u r e  w a s  reached  i n  about one minu te .  
T h e  p o r e  fluid i n  the  consol ida ted  c lay  s a m p l e s  w a s  
analyzed fo r  sodium and p o t a s s i u m  us ing a f l a m e  pho tomete r .  
T h e  clay r e m a i n i n g  a f t e r  the vane  t e s t ing  w a s  comple ted ,  
w a s  remoulded  and  t e s t ed  in  d ra ined  s h e a r  us ing a d i r e c t  s h e a r  m a c h i n e .  
T h e  K: Na r a t i o  w a s  found to  have  such  a n  i m p o r t a n t  effect  on the d r a i n e d  
s t r e n g t h  that  s e v e r a l  s a m p l e s  w e r e  washed i n  KC1 to r e m o v e  a l l  of the  
a d s o r b e d  sodium p r i o r  to tes t ing .  
F a b r i c  s t u d i e s  w e r e  r u n  on ca re fu l ly  p r e p a r e d  a i r  
d r i e d  c lay  s p e c i m e n s  us ing x - r a y  d i f f rac t ion  techniques  d e s c r i b e d  
p rev ious ly  (Quigley 1961). B r i e f l y ,  the method cons i s t ed  of ca re fu l ly  
gr inding a  f lat  s u r f a c e  on a  block of a i r  d r y  clay cut  f r o m  a n  eng inee r ing  
t e s t  spec imen .  T h e  block w a s  then mounted  i n  the  d i f f r ac t ion  m a c h i n e  
and the p r e p a r e d  s u r f a c e  w a s  x - r a y e d .  S u c c e s s i v e  l a y e r s  could b e  
ground off the spec imen  s o  that a s e r i e s  of su r f ace s  pass ing  through 
a shea r  fa i lu re  zone could be  x - rayed .  The deg ree  of or ienta t ion 
of the clay pla te le ts  could be  semi-quanti tat ively de te rmined  by 
comparing the height of the ( 0 0 f )  and (hk2 )  x - r a y  peaks  obtained on 
su r f ace s  of equal a r e a .  
TEST RESULTS 
The r e s u l t s  of the engineer ing tes t s  and the fabr ic  
study a r e  p resen ted  under s e p a r a t e  headings below. The chemica l  
data  requ i red  for  control  a r e  p resen ted  with the engineer ing r e s u l t s .  
ENGINEERING STUDY 
Index T e s t s  
A t t e rbe rg  l imi ts  r un  on the clay showed that KCL 
leaching caused both the liquid and plas t ic  Limits to  i n c r e a s e .  Typical  
r e s u l t s  w e r e  obtained f r o m  Eatch  3 on which liquid l imi ts  of 99  and 120 
w e r e  obtained fo r  the Na and K c l ays ,  respect ively .  The corresponding 
plas t ic  Limits we re  40 and 47,  respect ively .  
Consolidation T e s t s  
Typical  consolidation cu rves  a r e  shown on F igs .  2 and 
3 fo r  the Ea tch  2 and Batch 3 c l ays ,  respect ively .  It i s  obvious that 
the KCL leached c lays  exis t  a t  a higher  void r a t i o  than the Na c lays  a t  
any consolidation p r e s s u r e  within the range  studied.  The g r ea t e s t  
sp r ead  in the curves  o c c u r s  fo r  those c lays  which w e r e  m o s t  highly . 
leached and hence had the highest  K: Na ra t ios .  The  K:Na r a t i o s  w e r e  
de te rmined  a f t e r  the consolidation t e s t s  w e r e  completed by m e a s u r i n g  
the K and Na p re sen t  in  the po re  f lu id  of s amp le s  cut f r o m  the t es t  
spec imens .  The r a t i o s  a r e  r eco rded  on the f igures .  
St rength Tes t s  
Undrained and dra ined  shea r  s t reng th  envelopes fo r  
the clay f r o m  Batch 3 a r e  shown on Fig .  4. Any d i f fe rences  in  the 
undrained vane s t reng ths  of the Na and K clays ,  if p r e s e n t ,  a r e  too 
sma l l  to be of significance. The  dra ined  t e s t s ,  on the other  hand,  
showed pronounced changes depending on the K:Na ra t io .  A drained 
f r ic t ion angle of 16 deg ree s  was  m e a s u r e d  on the  Na clay. Th i s  
angle i nc r ea sed  to 20 d e g r e e s  fo r  a par t i a l ly  leached c lay having a 
K:Na r a t i o  of 1. 5 : l .  When the c lay was  washed with KC1 until a l l  of 
the Na had been removed ,  the f r i c t ion  angle  i nc r ea sed  to 23 deg ree s .  
The c o r r e c t e d  posit ion of the middle  point on this  s t e epe r  envelope 
conforms with s e v e r a l  o ther  envelopes and semi- log  plots  of the data.  
A s imi l a r  i n c r e a s e  in d ra ined  f r i c t ion  angle was  observed f o r  the c o a r s e r  
clay f r o m  Batch 2. In this  c a s e ,  ad i nc r ea sed  f r o m  20 d e g r e e s  f o r  Na 
clay to 26 deg ree s  f o r  the s a m e  clay with a K:Na r a t i o  of 2. 9: l .  In 
Fig.  5 ,  the drained s h e a r  s t reng ths  a r e  plotted against  wa t e r  content. 
Th i s  plot shows even  m o r e  s t r ik ingly  the magnitude of the changes and 
the significance of the K:Na ra t io .  The K clays  a r e  considerably  s t ronge r  
than the Na c lays ,  the s t reng th  increas ing  a s  the K:Na r a t i o  i n c r e a s e s .  
It should a l s o  be  mentioned h e r e  that the undrained vane s t reng ths  of the 
K clays  w e r e  g r e a t e r  than the Na c lays  a t  a l l  wa te r  contents within the 
range studied. The undrained s t reng th  di f ferences  w e r e  not near ly  a s  
pronounced o r  consis tent  as those of the drained t e s t s  and a r e  believed 
to have been affected by clay pa r t i c l e  or ienta t ion i n  the consolidated 
spec imens  tes ted ( s e e  F a b r i c  Study). 
FABRIC STUDY 
Maximum and Minimum P a r a l l e l i s m  
Maximum pa ra l l e l i sm  of the c lay pla te le ts  was  
obtained by high speed centrifugation of a d i spe r sed  c lay suspension 
onto a porous  c e r a m i c  plate.  An x - r a y  diffraction t r a c e  of a highly 
or iented,  g lossy layer of kaolinite is shown by cu rve  (a) on Fig.  6. 
Minimum pa ra l l e l i sm  o r  a net r andomness  was obtained by x- ray ing  
a level sur face  of clay powder.  A typical  diffraction t r a c e  i s  shown 
by curve  (d) of Fig.  6. The  ( 0 0 1 )  and (hkg  ) peaks  shown on cu rve  (d )  
a r e  qui te  s m a l l  and about the s a m e  s ize .  P a r t i c l e  pa r a l l e l i sm  great ly  
enhances  the s i z e  of the (00 (2 ) peaks  as  shown by curve  (a). Simi l a r  
cu rves  we re  obtained f o r  the i l l i t e s  tested.  
Anisotropically Consolidated Il l i te  
Sma l l  rec tangula r  b locks ,  a l l  but consolidation 31 
having top and s ide  a r e a s  within 3 pe r  cent  of e ach  o the r ,  w e r e  cut 
f r o m  the consolidated s amp le s  of consolidation t e s t s  31 through 35 
shown on Fig.  3. One top and side su r f ace  of each block was  ground 
flat  and x- rayed .  An approximate  a r i t hme t i ca l  co r r ec t i on  fo r  the 
s m a l l e r  a r e a  was applied to tes t  31. In Fig .  7  the height of the (003) 
ba sa l  peaks f r o m  the top s u r f a c e s  and the height of the 4 .48  i ( h k 0 )  
peaks f r o m  the s ide  su r f ace s  a r e  plotted against  the max imum p r e s s u r e  
to which the s amp le s  w e r e  consolidated.  Although the da ta  i s  r a the r  
m e a g r e ,  i t  does  appear  as though the Na c lays  have the l a r g e r  x - r ay  
peaks  a t  a  given p r e s s u r e .  Th is  indicates  that they have been m o r e  
highly or iented pe rpend ic~ i l a r  to  the di rect ion of the consolidation 
p r e s s u r e  than the K clays .  In other  w o r d s ,  the K c lays  have a m o r e  
Dpen s t r u c t u r e  hence thei r  higher void r a t i o  a t  a  given p r e s s u r e .  The 
anomalous  position of consolidation 34 i s  probably re la ted  to the fact  
that i t  was the only specimen recycled and subjected to two in te rva l s  
of leaching. A s  mentioned previously ,  extended leaching per iods  caused 
the cation exchange capacity to i n c r e a s e  a s  strongly adsorbed  A1 and F e  
hydroxide cations w e r e  slow Ly removed.  
F ig .  8  i l l u s t r a t e s  the pa r t i c l e  or ienta t ion within a 
shea red  dra ined  d i r ec t  s h e a r  s amp le  which was  a i r  d r ied  sa~bsequent  
to test ing.  The tes t  conditions a r e  s h o ~ n  on the F igu re .  It can be  
s een  that a  m a r k e d  pa ra l l e l i sm  h a s  developed due to s h e a r  near  the 
bottom of the sample .  The .:orresponding wate r  content in  this  zone 
of shea r  was  65.7 pe r  cent  compared  to 66.8 pe r  cent near  the top. 
Visual examination of the d r ied  d i rec t  shea r  spec imens  indicated that 
the f a i l u r e  plane was  al.ways a r c u a t e  in  shape ,  curving e i ther  towards  
t h?  top o r  the bottom in o rde r  to conform with the di rect ion of th? 
pr inciple  s t r e s s e s  a t  the edges  of the s h e a r  box. On the ba s i s  of the x - r a y  
r e su l t s  the plots O F  water  content v e r s u s  d ra ined  s t reng th  w e r e  p r epa red  
using the lowest of the t h r ee  m o i s t u r e  contents m e a s u r e d  r a t h e r  than 
a n  ave rage  f o r  the whole sample .  The se lected values  produced m u c h  
smoothzr  cu rves  than dld the ave rage  wate r  contents.  
Although not re la ted  to the i l l i te  study,  a n  ana lys i s  
of the fabr ic  in the fa i lu re  zone of a t r i ax ia l  s amp le  of kaolinite was  of 
considerable  significance and is  worth descr ib ing  he re .  An a i r  d r i ed  
t r i ax ia l  sample  of highly f locculated kaolinite ( s m a l l e r  than 2 m i c r o n s )  
was  , ~ b t a i n e d  f r o m  A. Wis sa  (1961). The spec imen  had been fa i led in 
undrained s h e a r  over  a  per iod of 50 hou r s .  The s h e a r  displacement  
was of the order  of 2 mi l l ime te r s  and occur red  in  a shea r  zone about 
2 mi l l ime te r s  wide. Sharply defined s l ip  sur faces  were  c lear ly  
visible.  
According to Wissa ,  (persona l  communication) about 
80 per  cent of the excess  pore  p r e s s u r e  built up during shea r  was 
re ta ined in  the sample a f t e r  the deviator s t r e s s  was completely 
removed. This can be explained by hypothesizing par t ic le  reor ientat ion 
inside the fa i lure  zone of the flocculated sample.  B j e r r u m ,  1961, 
descr ibed a s e r i e s  of t e s t s  on extremely sensit ive Norwegian quick 
clays which showed s imi la r  resu l t s .  He hypothesized par t ic le  reorientation 
in the fa i lure  zone to explain his  high! "A" f ac to r s  and his  high res idual  
pore  p r e s s u r e s  af ter  removal  of the deviator s t r e s s .  
The r e su l t s  of x - ray  diffraction t e s t s  on Wissa ' s  
sample a r e  plotted in  Fig. 9.  The very  pronounced inc rease  in  height 
0 
oi  the 7A (001) kaolinite peak indicates marked  par t ic le  orientation 
within the shea r  zone. The plot of the 4. 35A (hkO) peak a l s o  shows a 
slight i nc rease  in height. This  may be due to an  inc rease  in  density 
of the kaolinite within the shea r  zone af ter  a i r  drying. The g rea t e r  
para l le l i sm pe rmi t s  g rea te r  shrinkage and hence a grea te r  d ry  density. 
In Fig.  6 ,  four  diffraction t r a c e s  of the s a m e  Georgia 
kaolin a r e  i l lus t ra ted.  Curve (a )  r ep re sen t s  maximum para l le l i sm 
produced by centrifugation a s  descr ibed previously. Curve (d) i s  a 
powder pat tern represent ing complete randomness .  Curves  (b)  and (c )  
w e r e  obtained inside and outside of the shea r  zone, respectively.  In 
a l l  c a s e s ,  the a r e a  of sample  exposed to x - r a y s  was the same.  It i s  
obvious that although considerable par t ic le  orientation has  been produced 
by the shear ing,  i t  i s  not g rea t  when compared with curve ( a ) .  
DISCUSSION 
The inc rease  in the Liquid limit of i l l i te ,  produced by 
increasing the s ize  of the adsorbed monovalent cation has  been descr ibed  
by Rosenqvist ,  1957. The r e su l t s  of h i s  t e s t s  on both i l l i te  and monl-  
mori l loni te  a r e  shown on Fig.  10. He r e l a t e s  the i nc rease  in liquid 
limit to the increasing polarizabil i ty of the cations a s  their  s i ze  i nc reases .  
The Iarge cations a r e  m o r e  easi ly  dis tor ted into a n  induced dipole by 
by the force  fields between the clay par t ic lee ,  than the sma l l e r  cations. 
Rosenqvist ,  1955, and Moum and Rosenqvist ,  1961, 
suggest  that the polarizable cations induce a n  inc reased  a t t rac t ion  
between par t ic les .  More water  would, therefore ,  be requi red  in  a 
potassium clay to reduce the in te rpar t ic le  fo rces  to the s a m e  Level 
a s  in a sodium clay. If we a s s u m e  that the net fo rces  at  the liquid 
limit a r e  the s a m e  in  Na and K clays (i.  e. they have the s a m e  s t rength)  , 
the K clay will have the higher mo i s tu re  content (higher Liquid l imit) .  
Another equally plausible explanation i s  that the 
sodium cation,  which has  a higher ionic potential and a l a rge r  hydrated 
radius  than potass ium, may have a lubricating effect on the soil  sys tem.  
The l a rge r  s ize  of the hydrated sodium ions may  prevent the clay 
par t ic les  f r o m  approaching a s  c lose  to one another thus lowering the 
fo rces  of a t t ract ion and reducing the shea r  s t rength of the clay at  a 
given water content. 
Moum and Rosenqvist ,  1961, explain the shape of 
the montmoril lonite curve in Fig.  10 a s  being a function of the amount 
of in te r layer  ( infracrysta l l ine)  water .  F o r  K,  Rb and C the amount 
B 
of in te r layer  water  i s  about the s a m e  s o  that the liquid limit i s  a s t ra ight  
line function of the log polarizabil i ty a s  in i l l i te.  On the other hand Li 
and Na absorb  a great  deal  of water  because they have very  high ionic 
potentials. This  gives these cations v e r y  la rge  hydrated radius  and 
the montmoril lonite swells to Large "d" values. In other words ,  the 
montmoril lonite swells until it  contains a grea t  dea l  of in te r layer  water  
which i s  represen ted  by the hatched a r e a  in Fig.  10. 
A "beidellite" montmoril lonite f r o m  California,  
sa turated with Na and K,  gave r e su l t s  s imi l a r  to Rosenqvist 's  montmoril lonite.  
The i l l i te clay studied h e r e ,  despite a sma l l  content of collapsible v e r m i -  
culi te,  behaved like Rosenqvis t ' s  i l l i tes .  
Moum and Rosenqvist ,  1961, a l so  desc r ibe  a group 
of exper iments  designed to study the e f fec t s  of in te r layer  water  and 
in te rpar t ic le  water  on the shea r  s t rength of sodium and potassium clays.  
I l l i tes and montmori l loni tes ,  ar t i f ic ia l ly  sedimented and consolidated 
in 35 p a r t s  pe r  thousand NaCl, w e r e  subjected to KC1 leaching for  a per iod 
of 26 months before  s t rength testing. The i l l i tes  which were  Leached 
with KCL had undrained s t rengths  about 1. 6 t imes  g rea t e r  than the 
corresponding Na i l l i t es  a t  given consolidation p r e s s u r e s .  The 
differences i n  proper t ies  once again w e r e  explained in  t e r m s  of the 
polarizability of the adsorbed cations. With the m o r e  polar izable  
potassium ion p re sen t ,  the a t t rac t ive  fo rces  and bonds between the 
clay par t ic les  of the. flocculated sys tem a r e  increased .  
The r e su l t s  of the consolidation fabr ic  s tudies  can 
be explained by e i ther  Rosenqvis t ' s  concepts of cation polarizabil i ty 
or by concepts of ionic potential and the s i ze  of the adsorbed hydrated 
cations. The K clays w e r e  cer ta inly m o r e  res i s tan t  to compress ion  
a s  indicated by both the consolidation curves  and the x - r ay  fabr ic  study. 
The drained s t rength r e su l t s  a l so  a r e  readily explained by ei ther  concept. 
Very little difference was observed in the undrained s t rengths  of the Na 
and K i l l i te  studied he re .  The r ea son  i s  probably the very  different 
s t r e s s  his tory of samples .  The clays tested by Moum and Rosenqvist 
were  leached a f te r  consolidation whereas  those tested h e r e  w e r e  leached 
and then consolidated. 
CONCLUSIONS 
1. The clay soi l  tes ted consisted of i l l i te  with up to 30 p e r  cent of 
vermicul i te  and chlorit ized vermicul i te .  
2. Different engineering proper t ies  were  obtained on the clay,  depending 
on whether Na o r  K was the adsorbed cation. In genera l ,  the K clays  
w e r e  s t ronger  and m o r e  res i s tan t  to consolidation than the Na clays .  
3.  An x - ray  fabr ic  study on consolidated clay samples  showed that the 
KCL leached clays  had a m o r e  flocculated o r  open s t ruc tu re  than the 
NaCl leached clays.  In other  words ,  the Na clays had developed 
m o r e  para l le l i sm during consolidation than the K clays.  
4. The engineering tes t  r e su l t s  and the fabr ic  data may be explained 
in  t e r m s  of Rosenqvis t ' s  concepts of cation polarizabil i ty o r  in  
t e r m s  of ionic potential and the s ize  of the hydrated rad i i  of the 
adsorbed cations. 
5. Continuous sa l t  water  leaching removed some of the complex 
aluminum and i ron  hydroxide cations adsorbed on the clay,  result ing 
i n  i n c r e a s e s  i n  the  ca t ion exchange capaci ty  and  changes  i n  the  
s o i l  p r o p e r t i e s .  Cons ide rab le  c h e m i c a l  con t ro l  is r e q u i r e d  in  
a l l  long- te rm t e s t s  on c lay  s o i l s  i n  o r d e r  to i n t e r p r e t  the 
engineer ing t e s t  r e s u l t s .  
6. T h e  r e s u l t s  of the  p r e l i m i n a r y  f a b r i c  study d e s c r i b e d  h e r e  
sugges t  that x - r a y  techniques  could b e c o m e  a v e r y  useful  tool  i n  
m e a s u r i n g  the a v e r a g e  p a r t i c l e  a r r a n g e m e n t s  of the  c lay  p la te le t s  
in  a s o i l  m a s s .  
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MEASUREMENT O F  SHEAR STRENGTH, PLASTICITY AND WATER RETENTION 
O F  CLAYS R E L A T E D  T O  INTERPARTICLE FORCES 
B. P. Warkent in  
SUMMARY 
The  act ion of f o r c e s  between c lay  p a r t i c l e s  can  expla in  
the behaviour of s o i l s  in  c e r t a i n  eng ineer ing  appl ica t ions .  T h e s e  f o r c e s  
a r e  a s s o c i a t e d  with the high s u r f a c e  a r e a  and e l e c t r i c  c h a r g e  of c l a y s ,  
and thei r  ac t ion depends  upon the composi t ion  and a r r a n g e m e n t  of the  
p a r t i c  Les and upon the p o r e  f luid.  In na tu ra l ly  o c c u r r i n g  s o i l s ,  any  
quant i ta t ive  mani fes ta t ion  of these  f o r c e s  i s  poor ly unders tood.  In 
this  p a p e r  s e v e r a l  e x a m p l e s  a r e  chosen  f r o m  r e c e n t  m e a s u r e m e n t s  
on remoulded s a m p l e s  of well-defined c  Lay m i n e r a l s  t o  show how eng ineer -  
ing p r o p e r t i e s  of c l ays  can  be  i n t e r p r e t e d  on the b a s i s  of i n t e r p a r t i c l e  
f o r c e s .  
Montmori l loni te  c lay  c a n  take  up cons ide rab le  a m o u n t s  
of wa te r  on swell ing and r e t a i n  i t s  s t r e n g t h ,  w h e r e a s  a  kaol in i te  s a m p l e  
wil l  f a l l  a p a r t .  T h i s  d i f fe rence  i s  not s imply  r e l a t e d  to f o r c e s  of 
a t t r ac t ion ;  the s t r e n g t h  of montmor i l lon i t e  i n c r e a s e s  a s  the f o r c e  of 
r epu l s ion  i n c r e a s e s .  M e a s u r e d  s h e a r  s t r e n g t h s  of p u r e  c lays  a r e  given 
and i n t e r p r e t e d  on the b a s i s  of the  f o r c e s  r e q u i r e d  to m o v e  p a r t i c l e s  in  
the f a i l u r e  plane.  F o r  montmor i l lon i t e  th is  m o v e m e n t  i s  r e s i s t e d  by 
i n t e r p a r t i c l e  repuls ion;  fo r  kaol in i te  the f o r c e s  of a t t r a c t i o n  depending 
upon acidi ty  and s a l t  content ra t ion  a r e  impor tan t .  
T h e  Liquid l imi t s  of t h e s e  c lays  a r e  a l s o  i n t e r p r e t e d  
f r o m  the  dominant  i n t e r p a r t i c l e  f o r c e s .  
F o r  c lays  which o n  d ry ing  s h r i n k ,  with no i n c r e a s e  i n  
a i r - f i l l ed  vo ids ,  w a t e r  i s  r e t a i n e d  by the  s a m e  f o r c e s  which c a u s e  swel l ing ,  
T h e  m e c h a n i s m  of w a t e r  r e ten t ion  i s  of i n t e r e s t  when the  p r inc ip le  of 
effect ive s t r e s s e s  i s  applied w h e r e  m e a s u r e d  p o r e  w a t e r  p r e s s u r e s  a r e  
negative. Experimentally measured  water retention curves for  clays 
a r e  compared with calculated swelling p ressu re  to show the contri- 
bution of interparticle repulsion and attraction to water retention. 
The behaviour of clay soils i s  determined by forces 
acting between clay particles.  This action can be through the water 
layers intimately held a t  the particle surfaces through the diffuse layer 
of exchangeable cations,  o r  in some cases  d i rec t  particle contact. 
Forces  between part ic les  of clay s ize a r e  studied within the discipline 
of physical chemistry; hence one speaks of these interpart ic le  forces  
a s  physico-chemical forces .  Interparticle forces  in clays a r i s e  f rom 
the high surface a r e a  which actively absorbs water and organic molecules,  
f rom the electr ic  charge which a t t rac ts  and holds the exchangeable cations, 
and from inter-atomic forces .  
Many recent studies have shown the influence of particle 
arrangement  on engineering behaviour of clay soils (1) and methods have 
been devised for i t s  measurement  (2 )  although quantitative specification 
is difficult. This particle arrangement i s  the resul t  of the action of 
interpartic Le forces.  In sedimented clays,  arrangement  is the resul t  
of interparticle forces  determined by the environment, e. g. concentration 
of salt  in the water in which the clays were deposited determines whether 
they will have a flocculated o r  a dispersed particle arrangement.  
Interparticle forces  in clays a r e  not completely under - 
stood. There  i s  considerable qualitative information on how certain 
clays react  to given empir ical  measurements ,  e. g. amount of swelling 
and the swelling p ressu re ,  and a qualitative and descriptive understanding 
of the nature of the forces  which must be responsible. F o r  some pure 
clays,  the swelling p ressu re  can be derived f rom the fo rces  of repulsion (3)  
Forces  of attraction betwe.en part ic les ,  which a r e  of 
m o r e  importance than forces of repulsion in engineering behaviour, 
a r e  m o r e  difficult to specify.  Often they r e s u l t  f r o m  inorgan ic  o r  
o r g a n i c  " impur i t i e s"  which bond one p a r t i c l e  to a n o t h e r .  In n a t u r a l  
s o i l s ,  which often conta in  .-i m i x t u r e  of c lay  m i n e r a l s  a s  w e l l  a s  t h e s e  
" impur i t i e s"  which r e a c t  with the  m i n e r a l s ,  a  quant i ta t ive  speci f ica t ion  
of f o r c e s  h a s  r a r e l y  been ach ieved ,  and o f t en  even a  qua l i t a t ive  u n d e r -  
s tanding of the i r  behaviour  i n  t e r m s  of the cont ro l l ing  i n t e r p a r t i c l e  
f o r c e s  is lacking.  
In view of t h e s e  d i f f i cu l t i e s  and  u n c e r t a i n t i e s ,  s e v e r a l  
a p p r o a c h e s  t o  the p r o b l e m  of i n t e r p a r t i c l e  f o r c e s  i n  eng inee r ing  behaviour  
a r e  poss ib le  but none of these  a lone  i s  fully s a t i s f a c t o r y  o r  a l l - i n c l u s i v e .  
The  work in the Soi l  Mechan ics  L a b o r a t o r y  a t  McGill  Un ive r s i ty  c o m m e n c e d  
s e v e r a l  y e a r s  a g o  us ing p r e p a r e d  s a m p l e s  of p u r e  c l ay  m i n e r a l s  f o r  which 
s o m e  in fo rmat ion  on i n t e r p a r t i c l e  f o r c e s  w a s  avai lable .  T h e  eng inee r ing  
p r o p e r t i e s  of t h e s e  c l a y s  w e r e  m e a s u r e d  and then r e l a t e d  to i n t e r p a r t i c  le 
f o r c e s  to s e e  in  what way t h e s e  f o r c e s  w e r e  m a n i f e s t e d  i n  eng inee r ing  
behaviour .  It h a s  been found that such a  r e l a t ionsh ip  c a n  often be 
e s t a b l i s h e d ,  but it  i s  not s i m p l e  o r  s t r a igh t fo rward .  
Th i s  work  i s  p a r t  of a  continuing p r o g r a m  i n  the  Depar t -  
m e n t  of Civi l  Eng inee r ing ,  under  the d i r e c t i o n  of P r o f .  R.  Yong, and  
the au thor .  T h i s  p a p e r  wi l l  d i s c u s s  s o m e  of the r e s u l t s  obtained i n  
the study to  i l l u s t r a t e  what  i s  be ing  Learned f r o m  m e a s u r e m e n t s  on p u r e ,  
e spec ia l ly  p r e p a r e d  s a m p l e s  of c l ay  m i n e r a l s .  
RESULTS AND DISCUSSION 
S h e a r  S t reng th  
M e a s u r e m e n t s  of r e s i s t a n c e  to d i r e c t ,  t r a n s l a t o r y  
s h e a r  w e r e  m a d e  on s a m p l e s  of c l a y s  p r e p a r e d  to have d i f f e r e n c e s  i n  
i n t e r p a r t i c l e  f o r c e s .  S h e a r  s t r e n g t h  w a s  then r e l a t e d  to  the i n t e r p a r t i c l e  
f o r c e s .  B e c a u s e  of the uncer t a in ty  of i n t e r p r e t i n g  d i r e c t  s h e a r  v a l u e s ,  
no r e l i a n c e  w a s  p laced  upon the p r e c i s e  va lues  obtained,  H o w e v e r ,  the  
d i f fe rences  i n  m e a s u r e d  v a l u e s  with changes  i n  i n t e r p a r t i c l e  f o r c e s  a r e  
f e l t  to be  r e l evan t .  An account  of the e x p e r i m e n t a l  m e t h o d s  and  i n t e r -  
p re ta t ion  of r e s u l t s  h a s  been  published (4 ) .  
It  h a s  b e e n  poss ib le  to  de l ineate  the i n t e r p a r t i c l e  
f o r c e s  r e s p o n s i b l e  f o r  s h e a r  s t r e n g t h  i n  c e r t a i n  c l a y s  and  to  s e t  up a  
model ,  but the s h e a r  s t rength is not simply re la ted to fo rce s  of 
a t t rac t ion  minus  repulsion.  Swelling and non-swelling c lays  a c t  
differently. Swelling c lays  - where  repuls ion can be  the dominant 
in te rpar t ic le  f o r c e  - re ta in  s t rength even when wet. When non- swelling 
c lays  a r e  wetted to the s a m e  water  content, the samples  fa l l  apar t .  
This  difference is apparent  i n  the marked  tendency fo r  non- sw elling 
c lays  such as kaolinite to e rode  under moving water .  
F igu re  1 shows the shea r  s t rength va lues  m e a s u r e d  
for  sodium montmori l loni te ,  a high- swelling c lay,  a t  different void 
ra t ios  and a t  two sal t  concentrations.  At the higher  sa l t  concentration,  
1. OM NaC1, in te rpar t ic le  repuls ion i s  lower ,  a t t rac t ion  is higher and 
shea r  s t rength is lower. In F igu re  2 ,  calcium montmori l loni te  with 
a lower swelling ( lower  net repulsion) and higher a t t rac t ion ,  h a s  the 
lower shea r  s t rength at the s a m e  void r a t i o  o r  s a m e  ave rage  in te rpar t ic le  
distance.  In a l l  of these  m e a s u r e m e n t s ,  shea r  s t rength i n c r e a s e s  a s  
net repulsion i nc rease s .  This  i n c r e a s e  in  repulsion i s  accompanied 
by an  i nc rease  in  so i l  suction ( s e e  sect ion on wate r  re tent ion) ,  so  that 
a g r ea t e r  s t rength would be predicted f r o m  effective s t r e s s e s .  However ,  
this  does not explain the exis tence of shea r  s t rength i n  a clay where  
the swelling shows that a net repuls ion between par t ic les  exis ts .  
During s h e a r ,  pa r t i c l e s  in  the f a i l u r e  plane become 
or iented para l le l  to each  o ther ,  and any fo rce  res i s t ing  this orientation 
should contribute to shea r  s t rength  of remoulded clays.  F igu re  3 suggests  
how in te rpar t ic le  repulsion can play this ro le  fo r  high- swelling c lays .  
Format ion  of the fa i lu re  plane r equ i r e s  par t i c le  movement ,  in some  
p laces  the c loser  approach of one par t ic le  to another.  In te rpar t ic le  
repulsion r e s i s t s  this movement ,  accounting qualitatively fo r  m e a s u r e d  
s t rength values.  It is difficult to apply this concept quantitatively 
because par t ic le  orientation i s  unknown and changes a s  void r a t i o  
changes ,  becoming m o r e  para l le l  as the void r a t i o  d e c r e a s e s .  The re fo re ,  
while net repuls ion can b e  m e a s u r e d  (as the swelling p r e s s u r e ) ,  the 
amount of movement  requi red  can not b e  specified. 
F r o m  the model  i t  m a y  be  predicted that shea r  s t rength 
would be lower for  a m o r e  pa ra l l e l  par t i c le  orientation.  Support for 
this concept was obtained i n  the au thor ' s  Laboratory f r o m  measu remen t  
( i n a  modified way) of the liquid limit of a sample  with para l le l  par t i c le  
orientation and one with random orientation. At the s a m e  water  content,  
the s ample  with pa ra l l e l  orientation requi red  fewer  blows to c lose  the 
groove. The test  was not repeated,  and i t  i s  not known whether a l l  
other fac tors  we re  constant.  
F igu re  4 shows m e a s u r e d  shea r  s t rength values  for  
kaolinite,  a  low-swelling clay. Highest  shea r  s t rength was  measu red  
for  the flocculated c lay,  where  a t t rac t ion  i s  the dominant in te rpar t ic le  
fo rce .  The d i spersed  c lay,  with net repuls ion,  had lower s t rength a t  
the s a m e  void ra t io .  Interpar t ic le  fo rce s  were  s t i l l  important  in 
determining shea r  s t rength,  a s  shown by the low values  fo r  the c o a r s e  
f ract ion of the clay. 
The fo rce s  of a t t rac t ion  between par t ic les  involved 
in  f locculation a r e  not sufficiently s t rong to c  ontribute appreciably to 
shea r  s t rength in  a  d i rec t  way, i. e. in  res i s t ing  separat ion of par t i c les .  
Interpar t ic le  a t t ract ion could keep  the par t ic les  in  a  ce r t a in  or ientat ion,  
contributing to s t rength by r e s i s t i ng  the r ea r r angemen t  requi red  to 
fo rm a  fa i lure  plane. If the flocculated s t ruc tu re  i s  visualized a s  a  
random ar rangement  of par t i c les  with face- to-face and edge-to-face 
contacts,  f o r ce s  of a t t rac t ion  would r e s i s t  the r ea r r angemen t  to pa ra l l e l  
orientation.  In the d i spersed  c lay ,  repulsion keeps  the par t ic les  in  a n  
a r rangement  which i s  m o r e  near ly  pa ra l l e l  to begin with, requir ing l e s s  
fo rce  and less  movement f o r  r ea r r angemen t  in  the fa i lure  plane. 
The m e a s u r e m e n t s  d i scussed  above a r e  represen ta t ive  
of the r e su l t s  obtained in  this study. Taking a l l  the work into considerat ion,  
i t  i s  concluded that shear  s t rength can be in te rpre ted  on the bas i s  of 
in te rpar t ic le  f o r c e s  for  remoulded clays  and that these  fo rce s  lead to a  
specific par t i c le  a r rangement  and stabil i ty of that a r r angemen t  which 
accounts fo r  res i s tance  to shea r .  This depends upon both the fo rce  
required to move  par t ic les  and the amount of movement in the fa i lu re  
plane. 
The r e su l t s  apply only to remoulded clays;  for  undisturbed 
so i l s ,  f o r ce s  of a t t rac t ion  due to in te rpar t ic le  cementation a r e  often 
dominant. However,  fo r  c lays  with sensit ivity values c lose  to unity, 
these considerations a r e  per t inent .  
Liquid Limit  
The upper plas t ic  l imit ,  o r  Liquid l imit ,  i s  generally 
i n t e r p r e t e d  a s  the w a t e r  content  jus t  exceeding the amount  of bound 
w a t e r .  T h i s  s m a l l  e x c e s s  of f r e e  w a t e r  a l lows  the  p a r t i c l e s  to m o v e  
p a s t  e a c h  o the r .  The  th ickness  of the bound w a t e r  Layer i s  i n f e r r e d  
f r o m  the w a t e r  content a t  the liquid l imit  and  v a r i e s  with the  c lay  a n d  
the exchangeable  ca t ion .  Dif ferent  exchangeable  ca t ions  f a l l  in a  s e r i e s  
of i n c r e a s i n g  bound w a t e r  l a y e r  th ickness ,  but  i t  i s  found that the s e r i e s  
does  not r e m a i n  the s a m e  for  d i f ferent  c l ays .  F o r  swell ing c l a y s ,  
monovalent  exchangeable  ions  such a s  sod ium give the h igher  liquid 
l imi t ,  w h e r e a s  f o r  non- swel l ing  c l a y s ,  divalent  ca lc ium o r  t r iva len t  
a luminum give the h igher  v a l u e s .  M e a s u r e m e n t s  w e r e ,  t h e r e f o r e ,  m a d e  
of the liquid Limit f o r  s a m p l e s  f o r  which i n t e r p a r t i c l e  f o r c e s  could b e  
spec i f i ed  to s e e  whe the r  p las t i c  p r o p e r t i e s  could b e  r e l a t e d  to  t h e s e  
f o r c e s .  
F o r  th is  i n t e r p r e t a t i o n ,  i t  h a s  been found convenient  
to speak  of a n  " in terac t ion  volume" defined a s  that volume within which 
p a r t i c l e s  o r  units  of p a r t i c l e s  i n t e r f e r e  with the m o v e m e n t  of ad jacen t  
p a r t i c l e s  (5) .  T h e  i n t e r p a r t i c l e  f o r c e s  d e t e r m i n i n g  the in te rac t ion  
volume m u s t  then b e  speci f ied .  
M e a s u r e d  liquid l imi t s  f o r  montmor i l lon i t e  a t  d i f ferent  
sa l t  concen t ra t ions  a r e  shown i n  F i g u r e  5. F o r  sod ium montmor i l lon i t e ,  
i n t e r p a r t i c l e  r epu l s ion  d e t e r m i n e s  the in te rac t ion  volume.  A s  repu l s ion  
i s  d e c r e a s e d  by i n c r e a s i n g  the s a l t  concen t ra t ion ,  in te rac t ion  vo lume  
and Liquid l imi t  d e c r e a s e .  Repuls ion  k e e p s  the  p a r t i c l e s  f ixed at a  c e r t a i n  
d i s t a n c e  f r o m  each  o the r  and when th is  r epu l s ion  i s  d e c r e a s e d ,  the  
p a r t i c l e s  have  a  g r e a t e r  f r e e d o m  f o r  m o v e m e n t .  Subst i tut ing a divalent  
ion ,  c a l c i u m ,  a l s o  d e c r e a s e s  r epu l s ion  and  hence  the liquid Limit. But 
i n c r e a s i n g  s a l t  concentra t ion  h a s  been shown to  lead  to only a  s m a l l  
d e c r e a s e  in  r epu l s ion  and  i t  d e c r e a s e s  the Liquid Limit by only a  s m a l l  
amount.  
T h e  dominant  f o r c e  in kaol in i te  i s  aga in  i n t e r p a r t i c l e  
a t t r a c t i o n  keeping the p a r t i c l e s  in  a f ixed o r i en ta t ion  and defining the 
in te rac t ion  volume.  T h e  d i s p e r s e d  kao l in i t e ,  with m a x i m u m  repu l s ion ,  
h a s  the Lowest liquid Limit a t  Low s a l t  concen t ra t ion  i n  F i g u r e  6. T h e  
p a r t i c l e s  a r e  in  m o r e  n e a r l y  p a r a l l e l  or ienta t ion  and s i n c e  repu l s ion  i s  
Low f o r  the low-swell ing c l a y ,  the  in te rac t ion  vo lume  i s  s m a l l .  The  
c lay  with edge- to- face  f locculat ion due  to pos i t ive  c h a r g e  on the  e d g e s  
and negat ive  c h a r g e  on the  p l a n a r  s u r f a c e s ,  h a s  the h ighes t  in te rac t ion  
volume.  
With increasing sal t  concentration, a l l  samples  change to a  face- to-face 
s t ruc ture  due to salt flocculation with an intermediate  interaction volume. 
The effect of exchangeable cations on liquid Limit of 
c lays  can be understood f rom these resu l t s .  F o r  high-swelling c lays ,  
polyvalent cations decrease  repulsion and hence the liquid Limit; for 
low-swelling clays they inc rease  flocculation and inc rease  the interaction 
volume and liquid limit. The dominant interpar t ic le  forces  differ. 
Water Retention 
Interpar t ic le  forces  a r e  a l so  involved in retention of 
water by clay soils.  If the shrinkage on drying equals the volume of 
water lost ,  the clay remains  water -  saturated.  However,  the measu red  
pore-water  p r e s s u r e  would be negative and if the soi l  were  placed in 
contact with f r e e  water  it would take up water  and inc rease  in  volume. 
Since effective s t r e s s e s  a r e  used in the analysis  of strength of soils 
a t  these water  contents,  it i s  of in te res t  to examine water retention 
m o r e  closely. 
The force that a  dry  soil  can exert  in the absorption 
of wa te r ,  measured  a s  the rest ra ining force  that mus t  be exerted on 
the water to prevent movement ,  i s  called soil  suction. Soil suction 
dec reases  a s  the water content i nc reases .  This  i s  not a  water tension 
a s  the water i s  not necessar i ly  under tension or  negative p r e s s u r e  equal 
to the value of the soi l  suction. P o r e  water p r e s s u r e  measu red  through 
a  f ine porous stone a s  a  negative head of water may be equal to soil  
suction but not necessar i ly  equal to the p r e s s u r e  on the soi l  water .  To 
prevent confusion, it i s  best  to think in t e r m s  of thermodynamics of 
a  f r e e  energy difference between the water  in the soil  and f r ee  water .  
Water retention f o r c e s  in sands differ f rom those in 
clays. When a  saturated sand Loses water ,  a i r  en t e r s  the voids. The 
p r e s s u r e  difference a c r o s s  the curved a i r -wa te r  interface gives r i s e  
to capillary water retention and we speak of capillary fo rces .  The force  
of retention, o r  capillary r i s e ,  depends upon the s i ze  of voids. 
In a  clay soi l  which i s  water-saturated,  there  a r e  no 
a i r -water  interfaces  and change in water  content i s  accompanied by a  
change in volume. The f o r c e  required to remove an  increment  of water 
i s  that required to decrease  the volume by that amount (assuming no 
d i r ec t  i n t e rpa r t i c l e  in te r fe rence) .  This  f o r c e  i s  equal  to the swelling 
p r e s s u r e  (8). The re fo re ,  making al lowance fo r  units and  d imens ions ,  
the swelling p r e s s u r e  equals  the f o r c e  of wate r  re tent ion a t  that wa t e r  
content. One mechan i sm f o r  the swell ing p r e s s u r e  is the exces s  ion 
concentrat ion between clay pa r t i c l e s  resu l t ing  i n  a n  osmot ic  gradient  
which cause s  wate r  to move  between the pa r t i c l e s .  Swelling p r e s s u r e  
is the p r e s s u r e  n e c e s s a r y  to  prevent  this  wate r  movement  (6 ) .  
The  expected equivalence between swell ing and wa te r  
re tent ion h a s  been checked for  s e v e r a l  c lays  (7).  The  r e s u l t s  shown 
in  F igu re  7 fo r  one clay a r e  represen ta t ive .  Measu red  swell ing p r e s s u r e s  
w e r e  not avai lable  fo r  this  clay;  the calcula ted values  w e r e  obtained f r o m  
equations giving the ion concentra t ions  around c lay pa r t i c l e s  (7 ) .  These  
calculations give only the repuls ion and a r e  in  e r r o r  by the amount of 
f o r c e s  of a t t rac t ion  between pa r t i c l e s .  
Measu red  suction values  a g r e e  with calcula ted swelling 
p r e s s u r e s  fo r  the s l u r r i e d  s amp le  down to p F  2. 5 o r  about 300 cm.  of 
water  suction. The p F  i s  the logar i thm of the m e a s u r e d  so i l  suction in  
c m .  of wa t e r .  Eelow that ,  f o r c e s  of a t t rac t ion  apparen t ly  prevent  swelling 
and uptake of a s  much  wa te r  a s  predic ted f r o m  repulsion.  These  i n t e r -  
pa r t i c le  a t t rac t ion  f o r c e s  a r e  impor tan t  in  so i l  s t r u c t u r e  and a r e  being 
studied fu r the r .  The swelling p r e s s u r e  ove re s t ima te s  the wate r  content 
of the undisturbed sample  a t  a l l  suction values .  F o r c e s  of a t t rac t ion  
apparent ly  opera te  over  the en t i r e  range .  These  compar i sons  have 
indicated that i n t e rpa r t i c l e  f o r c e s  account f o r  wate r  re tent ion over  p a r t  
of the suction range  fo r  the c lays  studied. 
P a r t i c l e  a r r angemen t  a l s o  influences wate r  re tent ion 
by c lays .  High-swell ing c lays  have  the highest  wa t e r  content for  para l l e l  
pa r t i c l e  orientat ion but low- swelling c lays  have the highest  wa te r  content 
f o r  random a r r angemen t  whe re  ex t r a  wa t e r  beyond that involved in  
swelling i s  trapped between i r r e g u l a r l y  a r r a n g e d  pa r t i c l e s  o r  aggrega tes  
of par t i c les .  The high na tura l  wa t e r  content of Leda c lay ,  up to 7070, 
is due to the random pa r t i c l e  a r r angemen t .  If the a r r a n g e m e n t  i s  
d is turbed and the sample  d r i ed ,  the maximum wa te r  content  d e c r e a s e s  
to about 3570. 
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Fig.  1 Measured shea r  s t rength of sodium montmoril lonite 
a t  different sa l t  concentrations in the pore  water .  
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VOID R A T I O  
Fig.  2 Measured  shea r  s t rength of sodium and 
calc ium montmoril lonite.  
I MECHANISM FOR SHEARING S T R E N G T H  
I FAILURE PLANE 
Fig. 3 Schematic d iagram for model  of interact ing 
clay plates  with in te rpar t ic le  repulsion res i s t ing  
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Fig .  4 M e a s u r e d  s h e a r  s t r e n g t h  of f loccu la ted  and  











,s- A 0 a 
- 
1 1 
I I I m 
0,001 0.0 1 0. I 1 .O 5.0 
SALT CONCENTRATION - M 
F i g .  5 M e a s u r e d  wa te r  content a t  the liquid Limit f o r  montmor i l lon i t e  
c l ays  (0-Sodium Montmori l loni te  f NaCL; X- Calc ium Montmori l loni te  + CaCL ). 2 
S A L T  CONCENTRATION - M 
F i g .  6 Liquid  Limit of kao l in i t e  s a m p l e s  wi th  d i f f e r e n t  i n t e r p a r t i c l e  f o r c e s  
( 0 - F l o c c u l a t e d ,  edge -  t o - f ace  a t  pH 4 ,  with  addi t ion  of C a C l  ; 
- ~ l ~ ~ ~ ~ ~ ~ t ~ d  
a t  pH 6 ,  with  addi t ion  of C a C l  X - D i s p e r s e d  a t  pH 10 ,  wit  add i t i on  of 
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Fig. 7 Measured water retention and calculated 
swelling pressure for Weald clay. (Water retention 
values from Croney et al ,  1953) .  
HEAVE O F  SPILLWAY STRUCTURES ON CLAY SHALES 
by 
R. Pe terson and N. P e t e r s  
Spillways constructed on clay shale in Western 
Canada have heaved considerably. This paper briefly describes the 
clay shales  of the a r e a  and gives typical laboratory swelling test  resul ts .  
It has not yet been possible to predict total heave and ra t e  of heave f rom 
laboratory tests.  Observational programs to check the performance of 
existing s tructures  a s  well a s  special tes t s  were  undertaken to provide 
information required for  design. Typical heave observations a t  spillways 
showing the effect of seepage, f rost  action, and hold-down piles a r e  
included. 
* 
Summary prepared by authors. 
Note: 
Paper  published in fu l l  in the Canadian Geotechnical Journal,  Vol. I ,  
No. 1, September 1963. 
VOLUME CHANGES IN UNDISTURBED CLAY PROFILES IN 
WESTERN CANADA 
J. J. Hamil ton 
As  pa r t  of an  ove ra l l  study of the pe r fo rmance  of 
building foundations i n  highly plas t ic  so i l  a r e a s  of Wes t e rn  Canada,  
the Division of Building R e s e a r c h  has  been measu r ing  ground movements  
and changes in  soi l  m o i s t u r e  conditions i n  g r a s s  -covered ,  undisturbed 
so i l  prof i les  under c l imat ic  conditions ranging f r o m  sub-humid to s emi -a r id .  
Resu l t s  of measu remen t s  begun i n  1951 i n  Winnipeg, Manitoba, and m o r e  
recent ly  those in Regina,  Eston and Tisda le ,  Saskatchewan, a r e  repor ted .  
Resu l t s  of a theoret ical  soi l  mo i s tu r e  depletion calculation,  based  on 
Thornthwaite '  s  potential  evapotranspira t ion concept,  a r e  p resen ted .  
It i s  proposed a s  a m o r e  ra t iona l  way of measu r ing  the vegetation- 
c l imate  fac tor  in  humid to sub-humid c l imates  than s imply comparing 
a i r  t empe ra tu r e  and precipi ta t ion with long- term ave rages .  Empi r i ca l  
re la t ionships  a r e  suggested between calculated soi l  mo i s tu r e  depletion, 
the depth of f r e e  wate r  table,  and the depth of f ro s t  penetra t ion under 
s i m i l a r  t he rma l  conditions but different  soi l  mo i s tu r e  conditions. In 
si tu shr inkage of undisturbed,  unsaturated so i l s  a t  t empe ra tu r e s  well 
0 below 32 F has  been observed and i s  a t t r ibuted to t he rma l  a i r -vo id  volume 
change. 
* 
Summary  p repa red  by author .  
Note: 
P a p e r  published in ful l  in  the Canadian Geotechnical  Journa l ,  Vol. I ,  
No. 1,  Sep tember  1963. 
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PRACTICAL EXPERIENCE WITH HIGHLY SWELLING SOIL TYPES 
by 
A. 0. Dyregrov  and R. M. Hardy  
* 
SUMMARY 
The prob lem of the effect of swelling so i l  on buildings 
with shallow foundations, on the stabil i ty of s lopes ,  and on roads  and 
runways,  i s  of considerable  impor tance  in a r e a s  of recen t  g lacia l  lake 
deposi ts  in  Wes te rn  Canada. It is thought that the physico-chemical  
nature  of the swelling p r e s s u r e  tends to reduce  the effective s t r e s s  but 
i s  not ref lected i n  the po re  p r e s s u r e  in  the wate r  phase  of the soil.  
The suggestion i s  made  that the effective s t r e s s  be  calculated by 
subtract ing the pore  p r e s s u r e  f r o m  the total  s t r e s s  i n  the usual  way 
and in  addition P , the swelling p r e s s u r e ,  should a l s o  be  subtracted.  
S F r o m  a prac t ica l  point of view, this  t e r m  should be  calcula ted f r o m  
f r ee - swe l l  consolidation t e s t s  r a the r  than constant  volume tes t .  
:F 
Summary  p repa red  by E .  P e n n e r .  
Note: 
P a p e r  submitted f o r  publication to the EIC. 
PHYSICOCHEMICAL PHENOMENA IN SOIL MATERIALS 
by 
S.  Pawluk 
P a r t i c l e  s i z e  dis t r ibut ion of soi l  s epa ra t e s  f a l l s  
essent ia l ly  into t h r ee  ba s i c  g roups ,  sands ,  s i l t s ,  and c lays ,  the 
s i ze  distr ibution l imi t s  of which rernain  con t rovers ia l  among the 
var ious  scientif ic groups  i n t e r e s t ed  in thei r  study. Soil  sc ien t i s t s  have 
for  a long t ime  accepted the division between clay and c o a r s e r  f rac t ions  
a s  2 m i c r o n s ,  s ince ,  in  genera l ,  it  i s  the f rac t ion  l e s s  than 2 mic rons  
i n  s i z e  that contains clay m i n e r a l s  which exhibit physico-chemical  
manifes ta t ions  re la ted  to colloidal behaviour.  
Among the var ious  physico-chemical  f ea tu r e s  
observable ,  the m o s t  significant a r e  those re la ted  to ion exchange 
phenomenon and wate r  adsorption.  It i s  these  f ac to r s  which a r e  
responsible  fo r  many of the anomal ies  observed  when studying so i l  
m a t e r i a l s  f r o m  a purely physical  point of view. 
Ion adsorpt ion and exchange phenomena cha rac t e r i s t i c  
of colloidal clay m i n e r a l s  r e su l t  f r o m  the fundamental  na ture  of thei r  
s t r uc tu r a l  units i n  which isomorphous substi tut ion,  b roken  bonds on 
c r y s t a l  edges ,  and exposed hydroxyl groups  play a n  e s sen t i a l  pa r t .  
The resul t ing effect of these  s t ruc tu r a l  cha rac t e r i s t i c s  is the p r e sence  
of a net negative charge  at the colloidal s u r f a c e s  capable of preferent ia l ly  
a t t rac t ing  positively charged genenions a s  well  a s  polar  solvents,  such 
a s  w a t e r ,  when placed i n  aqueous e lect rolyte  solutions. 
* 
Summary  p repa red  by author .  
Note: 
P a p e r  submitted fo r  publication to the EIC. 
SURFICIAL DEPOSITS O F  ALBERTA 
by 
C. P. Gravenor  and L. A. Bayrock 
T h e  sur f i c ia l  deposi ts  of c e n t r a l  and sou thern  A Lberta 
have been under  study in termit tent ly  fo r  some  seventy-five y e a r s .  
Most of the e a r l y  work wa s  confined to the examinat ion of sec t ions  
along the m a j o r  r i v e r  c o u r s e s  and to broad reconna i ssance  s tudies .  
After  the Second World W a r  deta i led  mapping of the s u r f i c i a l  depos i t s  
of Alber ta  was  s t a r t e d  by the Geological  Survey of Canada and the 
R e s e a r c h  Council of Alber ta .  T o  date ,  approximately  40 ,000  s q u a r e  
m i l e s  of c e n t r a l  and southern  Alber ta  have been mapped in detai l .  In 
addit ion,  the R e s e a r c h  Council of Alber ta  h a s  mapped  about 60,000 
sq u a r e  m i l e s  of n o r th e rn  Alber ta  over  the pas t  four  y e a r s  by m e a n s  
of hel icopter  su rveys .  T h u s ,  roughly forty p e r  cent  of the su r f a c e  
deposi ts  of the P ro v in c e  have been mapped.  The hel icopter  p r o g r a m  
to m a p  the a r e a  nor th  of f i f ty-seven de g r e e s  latitude wil l  be  completed 
this  y ea r  and i t  i s  anticipated that about one-half of the P r ov i nc e  wil l  
have been  mapped by 1963. 
Detailed so i l  m a p s  cover ing p a r t s  of the P e a c e  R i ve r  
Country,  c e n t r a l  and sou thern  A l be r t a ,  and reconna i ssance  m a p s  of 
nor the rn  Alber ta  have been p r e pa r e d  by the Alber ta  Soil  Survey.  Although 
in so me  c a s e s  the nomenc la tu re  used by so i l  sc ien t i s t s  f o r  the pa ren t  
m a t e r i a l s  of the so i l s  is not ident ica l  with that used by geologis ts ,  
these  m a p s  a r e  n e v e r th e l e s s  e x t r e me l y  useful  to the geologist and 
provide  a n  excellent  background f o r  detai led geological  study of su r f i c i a l  
m a t e r i a l s .  
Th is  paper  is  designed to provide  a general ized 
p ic tu re  of the na tu re  and dis t r ibut ion of the  sur f i c ia l  depos i t s  of Alber ta .  
P a r t i c u l a r  at tention will be given to a  desc r ip t ion  of bur ied  channels  
which m a r k  the location of the d ra inage  s y s t e m which exis ted  in A l be r t a  
p r i o r  to glaciation. 
* su mma ry  p r e p a re d  by author .  
Note: 
P a p e r  submit ted  f o r  publication to  the Canadian Geotechnical  Journal .  
ENGINEERING ASPECTS O F  THE GREAT SLAVE RAILWAY 
by 
J. L.  Cha r l e s ,  V. R .  Cox and F. L. Peckove r  
The 430 m i l e  rai lway line running f r o m  P e a c e  River  
to Hay River  with a branch  Line to P ine  Point  Mines ,  50 m i l e s  ea s t  
of Hay R ive r ,  i s  scheduled fo r  completion by December  1965. The 
geology of the route  and the na ture  of the t e r r a i n  i s  de sc r ibed  a s  well  
a s  how this knowledge was utilized i n  c i rcumvent ing difficult engineering 
prob lems .  The rou te  i s  Located i n  an  a r e a  of extensive  muskeg  t r a v e r s e  
the southern f r inge  of the pe rmaf ros t  region but no Large a r e a s  of 
pe rmaf ros t  have been encountered.  
* 
Summary  p repa red  by E .  Penne r .  
Note: 
P a p e r  submitted f o r  publication to the EIC. 
PRELIMINARY SOIL MECHANICS ASPECTS O F  THE RED RIVER FLOODWAY 
by 
J .  Mishtak 
Winnipeg, si tuated a t  the confluence of the Red and 
As siniboine R ive r s ,  ha s  been plagued by floods of l a rge  magnitude 
s ince 1826. Subsequent l a rge  floods occu r r ed  i n  1852, 1861, 1916, 
1948 and 1950. The flood of 1950 caused such s e v e r e  damage a s  to 
s t imulate  positive action towards  alleviation of the flood problem.  As  
a resu l t ,  the Dominion Government s e t  up the Red River  Bas in  Investi-  
gation, whose purpose was to investigate var ious  possibi l i t ies  of al leviating 
flooding. Subsequently, the Royal Commission on Flood Cost Benefit 
was s e t  up to se lect  the mos t  economically feas ib le  combination of 
schemes  submitted by the Red River  Bas in  Investigation. The  resu l t  
was  the selection of a divers ion channel bypassing the Grea t e r  Winnipeg 
a r e a  in  a combination with s eve ra l  o ther  p ro jec t s .  Studies by the Water  
Control  and Conservation Branch  of the Province  of Manitoba resul ted 
i n  the relocations of the divers ion channel f r o m  the a l te rna t ive  recommended 
by the Red River  Bas in  Investigation. This  divers ion channel i s  known a s  
the Red River  Floodway. 
The Red River  Floodway will be  about 30 mi l e s  long, with 
a top width of 1 ,000  ft and an  average  depth of 30 ft .  The  quantity of 
excavations i s  some 100 mil l ion cubic ya rds .  I t s  design capacity of flow 
i s  60 ,003  cfs.  
The soi l  to be  excavated i s  a highly plas t ic  clay of 
glacial  Lake Agassiz  underlain by glacial  t i l l .  The m a i n  design problem 
of the channel was  the selection of s lopes  which would be s table  a lmos t  
indefinitely. Other  p rob lems  involved the effect of rebound on excavated 
g rades ,  e ros ion ,  embankment composit ion,  methods of excavation,  ground- 
water  seepage during excavation, depletion of local groundwater supplies 
and foundation of s t ruc tu re s .  
* 
Summary  p repa red  by E .  Penne r .  
Note: 
P a p e r  submitted f o r  publication to the Canadian Ceotechnical  Joarna l .  
rHE MICA CREEK PROJECT - FOUNDATIONS AND MATERIAL INVESTIGATION 
by 
W. P. H a r  land 
* 
SUMMARY 
This  p r s j ec t  is a pa r t  of the proposed power develop- 
ment  of the Columbia R ive r  and i s  Located between Golden and Revels toke 
where  the r i v e r  h a s  its s teepest  gradient  of 1000 f t  p e r  200 m i l e s .  In 
addition to descr ib ing  the se lect ion of the s i t e ,  the geology of the a r e a  
i s  d i scussed  in some  deta i l  based  on the foundation investigations.  T o  
da te ,  about 4 m i l e s  of diamond dr i l l ing in  bedrock and overburden have 
been completed.  Two m a j o r  so i l  types f i l l  the m a i n  bedrock channel; 
dense  glacial  t i l l  and a deposit  of sand and g rave l  with varying propor t ions  
of boulders .  It is believed that a high fi l l- type d a m  a t  Mica  Creek. h a s  
been shown to b e  feas ible  based  on foundation conditions and the availability 
of suitable f i l l  and other  m a t e r i a l  required.  
* 
Summary  p repa red  by E. P e n n e r .  
Note: 
P a p e r  submitted f o r  publication to the EIC. 
FOUNDATION TREATMENT AND CONSTRUCTION O F  SIXTEEN 
MILES O F  DYKE A T  MANITOBA HYDRO'S GRAND RAPIDS P R O J E C T  
J. R. Re t t i e ,  A. Koropatnick  and W .  S. I s o m  
SUMMARY 
T h e  p r o j e c t ,  now in i t s  second y e a r  of cons t ruc t ion ,  
i s  Located a t  the mouth  ~f the  Saskatchewan R i v e r  w h e r e  i t  f lows 
in to  Lake  Winnipeg, 250 m i l e s  nor th  of the City of Winnipeg. T h e  
a r e a  h a s  b e e n  glac ia ted ,  is under la in  with f r a g m e n t a l  and  m a s s i v e  
l imes tone ,  dolomite  depos i t s  of the  P a l a e o z o i c  a g e  and  i s  covered  
with numerous  sink holes .  T h e  ex tens ive  grout ing and foundation 
t r e a t m e n t  r e q u i r e d  to prevent  leaking f r o m  the r e s e r v o i r  is d e s c r i b e d  
in  de ta i l ,  a s  i s  the des ign  and cons t ruc t ion  of the 16 m i l e s  of dyke 
n e c e s s a r y  to enc lose  the fo rebay .  The  outstanding f e a t u r e  of the 
p ro jec t  i s  the l a r g e  grout ing opera t ion  m a d e  n e c e s s a r y  by the foundation 
condition of the s i t e .  
* 
S u m m a r y  p r e p a r e d  by E. P e n n e r .  
Note: 
P a p e r  submit ted  f o r  publicat ion to  the  EIC. 
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